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Abstract:

Zoloushka Cave is one of the largest maze gypsum caves in the world. Mining of the gypsum
bedrock and lowering of the water level due to the pumping of groundwater led to exposure of
the cave passages to vadose conditions and changed the hydrochemistry of the karst water.
As a result, large quantities of Fe and Mn hydroxides were deposited in the passages. It was
found that at least two groups of various organisms were involved in depositing ferrous and
manganese sediments. In order to establish the mechanism of deposition, we conducted
chemical analyses of the sediments and isotopic analyses of organic carbon. This enabled
us to formulate a hypothetical model of the biogenic deposition of Fe and Mn compounds.
According to the model, autotrophic iron bacteria precipitated Fe hydroxides. Organisms of
this type assimilate CO2 from cave atmospheres and, as a result of isotopic fractionation
during that process, organic matter in 13C is depleted by 7.3‰ relative to CO2. Heterotrophic
bacteria (responsible for depositing manganese oxides) parasitise on autotrophic bacteria
without changing the carbon isotope composition of organic matter. Fungal organisms living
in ferrous sediments separate carbon from organic matter, resulting in enrichment with the
heavier carbon isotope by 2‰.
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INTRODUCTION
Iron and manganese are relatively common in cave
environments (Hill & Forti, 1986). Their presence is
usually indicated by characteristic colours, including
reddish, orange, and yellow in the case of iron, and
dark-brown to black, blackish, tarry, or soot-like in
the case of manganese. Fe and Mn compounds in
caves are frequently accompanied by various types
of cave sediments, but often form pure types of cave
deposits (speleothems) (see e.g., Naum & Butnaru,
1967; Looney, 1969; Hill & Hill, 1971; Urbani,
1976; Foster et al., 1977; Martini & Kavalieris,
1978; Martini, 1980; Onac et al., 1997; Provencio
& Polyak, 2001; Gázquez et al., 2011, 2012; Miller
et al., 2012; Carbone et al., 2016). Host rock, which
contains iron and manganese or material of various
lithologies from the surroundings, transported into
*pkotula@us.edu.pl

caves by water, is the main source of these elements
in karst. Metals ‘released’ into caves from bedrock or
allochthonous sediments usually appear as oxides or/
and hydroxides, forming more or less stable mineral
phases (crystalline or amorphous) (Hill & Forti, 1986).
The mineralogy of Fe-Mn compounds in caves depends
mainly on the lithology of the bedrock (carbonates,
sulphates, salts, silicates, magmatic material, and
others) and the microclimatic conditions of the cave
environment (especially humidity), which govern the
hydration or dehydration of compounds. The widest
variety of Fe and Mn compounds can be observed
in caves developed in carbonate rocks – limestones,
dolomites, ankerites, and siderites (see e.g., Osborne,
1978; Zimák et al., 2000; Bosák et al, 2002; Cílek et
al., 2002) ‒ because these rocks and their weathering
products are usually enriched in minerals containing
Fe and Mn, such as pyrite, hematite, rhodochrosite,
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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marcasite, limonite, and goethite (Northup et al.,
2000, 2003; Boston et al., 2006). Iron often constitutes
a significant part of the insoluble residuum of
limestone. Hence, fissures and caverns in karstified
limestones are frequently filled with the red mass of
iron oxides. For this reason, as is known, soils formed
on limestone under certain (Mediterranean) climatic
conditions exhibit a characteristic red colour (terra
rossa).
In caves developed in other types of karstified rocks,
such as gypsum or salt, Fe and Mn compounds are
generally allochthonous materials, mainly due to the
low level of the contents of such elements in gypsum
or halite. Nevertheless, in some special cases, iron
and manganese sediments may appear in gypsum
caves in situ due to chemical (biochemical) deposition
from water solutions.
It is widely known that Fe and Mn compounds
are extremely sensitive to changes in pH and Eh of
water environments and oxidise when geochemical
conditions change from anaerobic to aerobic,
resulting in precipitation of minerals (Skinner &
Fitzpatrick, 1992). For example, in a case where an
aquifer is isolated from the surface by impermeable
layers (artesian, hypogenic conditions, etc.), it may
be opened hydraulically and exposed to the effect
of oxygen. The opening of such an aquifer (due to
natural, i.e., erosion, or anthropogenic processes)
is usually accompanied by radical changes in the
hydrogeochemical environment, e.g., from reducing to
oxidising conditions. Of course, deposition of Fe and
Mn compounds occurs not only in karst formations
but also in any other similar violation of the regime
of underground water circulation accompanied
by changes in hydrogeochemical conditions; as
such, it is quite common (Płochniewski & Pich,
1966; Kleczkowski et al., 1974; Macioszczyk, 1987).
The deposition of Fe and Mn is often governed by
microorganisms, primarily bacteria, which mediate
metabolically in the processes of the mobilisation of Fe
and Mn from sediments as well as in their oxidation
and deposition (see e.g., Skinner & Fitzpatrick, 1992;
Hose et al., 2000; Sommers et al., 2002; Northup et al.,
2003; Spilde et al., 2005; Boston et al., 2006, 2009).
Geochemical events of this kind provoked by mining
activity, specifically the opening of a karst aquifer by
work at a quarry, occurred in the Zoloushka Cave
area, Ukraine/Moldova (Andreychouk, 2007). The
history of this area represents a perfect example
of hydrogeochemical changes in a cave water
environment resulting in the biochemical deposition
of a large quantity of iron and manganese compounds
(Andreychouk & Klimchouk, 2001; Andreychouk,
2007). The question of iron and manganese sediments,
which are widespread in Zoloushka and which feature
a wide variety of aggregations, is, along with the
problem of speleogenesis, the most challenging and
interesting among the scientific problems related
to the cave. A number of publications have been
devoted to this aspect of the cave (Andreychouk &
Korzyk, 1984; Volkov et al., 1986, 1987; Volkov
& Andreychouk, 1986; 1987; 1988; Volkov, 1990;
Andreychouk & Klimchouk, 2001; Andreychouk,

2007). Although the principal mechanism of the
formation of these compounds in the cave has been
explained, many questions remain unanswered.
These concern, first of all, the role of microorganisms
in the precipitation of Fe-Mn hydroxides, their types,
the paragenetic relationships between the various
groups of microorganisms which deposited the
compounds, the formation of complex stalactiteshaped and stalagmite-shaped aggregates consisting
of Fe and Mn hydroxides, and others. These issues
have not been clarified to date by explanations
based solely on mineralogical and geochemical
considerations. To resolve them, we conducted
isotopic studies of carbon in Fe-Mn formations in
the atmosphere of the cave. The results of these
studies suggested a hypothesis combining various
types of iron and manganese formations in a single
genetic cycle.

ZOLOUSHKA CAVE: GEOLOGY AND
FERROMANGANESE HYDROXIDES
Zoloushka Cave: geological settings
The cave is located in the southern part of Western
Ukraine, where the borders of three countries, Ukraine,
Moldova, and Romania, converge (Fig. 1). The cave was
uncovered during a quarry mining work in 1946, but
was not surveyed by speleologists until 30 years later.
Over a period of approximately 50 years, the exposed
cave labyrinth was continually damaged during the
excavation of gypsum. During the 1980s and 90s, a
well-equipped 30-metre artificial entrance to the cave
was prepared, including ladders, and natural side
openings in the quarry wall were covered with waste
material. These activities were carried out in order
to implement a protection programme for the cave,
which had been proclaimed a natural monument. It is
estimated that about 7 km of the labyrinth had been
destroyed by mining work. The total length of the
passages in the surveyed part of the cave is currently
around 92 km (Andreychouk, 2007).
The quarry and the artificial entrance into the
cave are located within the territory of the Republic
of Moldova, very close (100‒150 m) to the Ukrainian
border (Chernivtsi area, North Bukovina region). The
labyrinth stretches from the entrance to the NW,
towards Ukraine, and NE, towards Moldova. The

Fig. 1. Location of Zoloushka Cave in Ukraine.
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waters and provoked their degassing from H2S and
national border between Ukraine and Moldova divides
the cave maze into two parts: the Ukrainian (western)
CO2. These events initiated a series of changes in
and the Moldavian (eastern). The river Prut, which
the aquifer, causing the stage transformation of its
forms the border between Moldova and Romania, flows
geochemical conditions according to the following
1.0‒1.5 km to the south of the quarry, separating the
schema: reducing → transition/gley → transition/
cave area from Romania.
oxidising → oxidising (Volkov, 1990; Andreychouk &
The cave maze is developed in a Miocene (Upper
Klimchouk, 2001; Andreychouk, 2007). The change
Badenian) gypsum series 23‒25 m thick. At the top, the
in the conditions of the aqueous environment from
gypsum is covered by a relatively thin (0.5‒1.4 m) bed
reducing to oxidising resulted in the deposition of Fe
of well-consolidated limestone (Ratynsky Limestone)
and Mn compounds.
which is overlain by massive series of layered clays
From a morphologic perspective, Zoloushka Cave
of the Upper Badenian (Kosowsky Formation, 10‒60
represents a cave maze consisting of passages of
m in thickness). Young Quaternary (QIII‒QIV) alluvial
various sizes forming relatively separate networks
(sand, gravel, loess) sediments of the III‒V terraces of
(cave parts) characterised by different densities
the Prut River lie on the eroded surface of the clays.
(Fig. 2). Morphological and morphometric variations
Gypsum lies on the eroded surface of Lower Miocene
in the cave network are caused mainly by structural
limestones and marls, and, in places, on Cretaceous
predispositions. The largest passages and corridors
sandstones.
are located in the upper part of the gypsum layer,
Karstified gypsum and fractured underlying rocks,
where passages 1.0–6.0 m wide and 1.0–7.0 m high,
as well as loose Quaternary formations, contain
characterised by oval, rhombic, or semi-spherical
underground waters. Karst waters circulating
cross sections, predominate (Fig. 3).
in gypsum and underlying carbonate-sandstone
The weak intensity of the exchange of the cave air
formations are hydraulically connected, forming a
with the atmosphere outside generally results in a
joint water-bearing complex which is drained by the
stagnating regime of air circulation in most of the
Prut River valley. Due to the pumping of water from the
cave, resulting in the accumulation of significant
quarry, which started in the 1950s, the karst aquifer
amounts 0.5–4.5% of carbon dioxide (CO2).The high
gradually declined. By the end of the 1960s, more
content of carbon dioxide in the air is a particular
than 80% of the gypsum series had been drained, and
feature of the cave’s microclimate. We suppose that
the cave galleries, exposed by mining activity, became
such a high concentration is a result of the poor
accessible for speleological exploration.
exchange of cave air with the outside environment as
The rapid changes of the hydrodynamic regime
well as of biogeochemical processes occurring in the
which took place after the beginning of mining work
cave (Andreychouk, 2007; Andreychouk et al., 2011).
and progressive deepening of the quarry caused
As for the main types of the sediments present in
radical changes in the geochemical environment and
the cave, the most widespread are thinly- redeposited
the hydrogeochemistry of karst water. Geological
layered clays which cover the bottoms of the galleries
exploratory research carried out prior to mining
and the lower parts of the walls, with thicknesses
activity had shown that, prior to excavation by the
ranging from several centimetres to 5‒6 m. They
quarry firm, the cave was almost completely filled
represent the deposits created as a result of the
with water. The aquifer water level was located only
sedimentation of fine suspended matter in the aquatic
2‒3 m below the roof of gypsum. The karst waters,
environment. This matter occasionally appeared in
which moved very slowly towards the bottom
of the Prut River are characterised by a high
concentration of H2S (above 100 mg/l) and
a relatively high value of TDS (3.0‒4.5 g/l)
(Andreychouk, 2007).
From the moment of exploitation and pumping
out of the water, the quarry became an artificial
drainage base for the underground water. A
depression cone developed around the quarry.
As a result of the activation of water circulation,
the TDS content in water decreased to a level of
1.9‒2.6 g/l, and degassing occurred.
The stagnating underground water regime (until
the opening of the aquifer by the quarry firm) and
the presence of Н2S in the water clearly proved
the reducing geochemical character of the water
environment and its neutral or slightly acidic
pH, which favoured the occurrence of Fe and Mn
in dissolved form. Numerous search boreholes
which reached the gypsum layer immediately
prior to the excavation and gradual lowering of
the water level (at the initial stage of operation) Fig. 2. Some typical passage morphologies in Zoloushka Cave. Photographs 1
enabled oxygen to access the underground and 2 by V. Andreychouk, 3 and 4 by V. Kiselov.
International Journal of Speleology, 48 (3), 221-235. Tampa, FL (USA) September 2019
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Fig. 3. Map of Zoloushka Cave showing the location of sampling points for sediments and air and the results
of δ13C analysis in ‰ VPDB.

water during the collapse of the gallery ceiling along
with the Miocene clays, as well as, in some cases,
alluvial deposits and soil lying above it. A relatively
large quantity of organic material reached the cave,
along with both the clays and, particularly, the
Quaternary sediments (including the soil).
Fe-Mn formations in the cave
The deposition of iron and manganese compounds
from the oxidising water was one of the results of the
geochemical transformation of the water environment.
Red, yellow, and black are typical of the colouration of
the cave landscape of Zoloushka.
The first specialised (mineralogical and geochemical)
investigations of these sediments were performed in
1985‒87. These studies enabled the determination
of the mineralogical phases and the chemical and
elemental composition of iron and manganese
formations, as well as an explanation for the regularity
of their prevalence in the cave (Andreychouk & Korzyk,
1984; Volkov & Andreychouk, 1986, 1987; Volkov et
al., 1986, 1987.
Several years later, specialised geomicrobiological
tests carried out in the cave showed that various
bacteria occurred in profusion on the surface of all of
its environments, including such groups as sulphate
reducers (Desulfovibrio desulfuricans), denitrifiers
(Pseudomonas denitrificans), hydrogen producers
(Clostridium spp., Acidithiobacillus ferrooxidans,
Thiobacillus thioparus, T. denitrificans), methane
producers, iron bacteria, and unidentified funguslike microorganisms (Volkov, 1990; Andreychouk &
Klimchouk, 2001; Andreychouk, 2007). Fe and Mn
formations, especially, were exceptionally rich in
bacterial life, indicating the potentially important role
of microorganisms in the deposition of Fe and Mn
compounds.
Further research, carried out in the 1990s, led
to a more detailed explanation of the possible role
of particular groups of bacteria in the geochemical

evolution of the karstic aquifer; thus an essential
model of the formation of Fe-Mn deposits in the cave
was proposed (Andreychouk & Klimchouk, 2001;
Andreychouk, 2007). At the same time, iron deposits
were covered with fungus-like microorganisms which
formed colonies and gave iron deposits their bizarre
shapes (hollow tubes, stalagmite-like, stalactite-like,
nest-like forms, etc.). Detailed SEM investigations
helped to determine the structure and composition
of these fungus-like organisms, but, unfortunately,
they could not be identified. According to the opinions
of some geomicrobiologists, most likely they are not
known to science. The results of a pilot study of these
microorganisms were published in a comprehensive
article (Andreychouk et al., 2009).
The above-mentioned studies showed that bacteria
played an important role in the deposition of Fe
and Mn compounds. The latter were deposited as a
result of the active mediation of microorganisms in
creating the conditions lowering karst water levels
and oxidising cave waters. However, in the case of
colonial forms of Fe-compound formation, the decisive
role was played by the unidentified fungus-like
microorganisms.
In order to enhance understanding of the mechanism
(and relevant peculiarities) of the biogeochemical
deposition of Fe and Mn compounds by chemosynthetic
microorganisms in Zoloushka Cave, we investigated
the organic matter and examined the isotopic state of
carbon in all of the above-mentioned formations and
in the air of the cave.

METHODS
Samples of iron and manganese material were
collected aseptically in sterile plastic bags of various
sizes at specific locations of the cave (where they
appeared in the greatest amounts – Fig. 3). The
collected materials were then prepared for further
laboratory analysis.
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Total carbon and total inorganic carbon analyses
Amounts of total carbon (TC), total sulphur (TS),
and total inorganic carbon (TIC) were determined at
the Faculty of Earth Sciences, University of Silesia,
Poland, using an Eltra CS-500 IR Analyser with a TIC
module. Total organic carbon (TOC) was calculated as
the difference between total carbon and total inorganic
carbon. TC, TS, and TIC contents were measured
using an infrared cell detector for the detection of CO2.
For TC and TS, the gas was evolved via combustion in
an oxygen atmosphere. For TIC, CO2 was obtained via
a reaction with 20% hydrochloric acid. The calibration
was performed in accordance with Eltra standards.
Calcium carbonate content was calculated as CaCO3 =
8.333 × TIC, under the assumption that all carbonate
was present as calcite (Racka et al., 2010). The Eltra
standards was measured prior to analysis; analytical
precision and accuracy were better than ±3%.
Isotopic investigations
The isotopic composition of carbon stable isotopes
was investigated in the organic fraction extracted from
the collected samples and from cave-air carbon dioxide.
Inorganic carbon (carbonate ions) was removed by
using hydrochloric acid. Two different sample pretreatment methods were tested in this work.
The first was a slightly modified method described by
Panno et al. (2004). The samples, designated Mn-K (Mn
compound) and SH-C-Fe (Fe compound), were treated
with 2 N HCl at 60ºC for 24 hours. Subsequently, the
solution was left at room temperature to allow the
sample to decant. The sedimented sample was washed
with deionised water and, after 24 or 48 hours, the
solution was decanted again. This step was repeated
until a neutral pH was obtained. Finally, the samples
were centrifuged and dried overnight in an oven at
45ºC. The entire process lasted over a week.
In the case of two other samples, the second method
was used. The samples, designated SH-C-Fe-2 and
Mn-K-2, were treated with 0.5 N HCl at 75ºC for 3
hours. Subsequently, they were centrifuged and
the solution was decanted. The sedimented sample
was treated with deionised water and centrifuged,
and the water was decanted until a neutral pH was
obtained. As in the first method, finally samples were
centrifuged and dried for 24 h in an oven at 45ºC. The
entire process lasted less than 48 hours.
Cave atmosphere gas samples were collected into
5-litre PET bottles. Carbon dioxide was cryogenically
separated from the cave-air gas mixture. Each gas
sample was slowly pumped through a dry-ice/
alcohol-cooled water trap and two liquid-nitrogencooled carbon dioxide traps.
The stable isotopic composition of carbon was
determined at the Department of Radioisotopes,
Institute of Physics, CSE, Silesian University of
Technology, Gliwice, Poland. The measurements
were made using an IsoPrime isotope ratio mass
spectrometer, produced by GV Instruments, UK,
which operated in continuous flow mode with helium
carrier gas. The mass spectrometer interfaced via an
open splitter with an EA3000 Elemental Analyser
produced by EuroVector, Italy. Several hundred
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micrograms of the sample material were wrapped in
tin foil and subjected to combustion in excess oxygen.
The working temperature of the combustion furnace
of the elemental analyser was set at 1020ºC. However,
due to the additional heat produced by the oxidation
of the tin foil, the final combustion temperature was
much higher. The resulting gases were then carried
through a copper-filled reduction furnace and water
trap. Finally, the remaining gases were separated
using a chromatographic column and transported into
the ion source of the isotopic ratio mass spectrometer.
Where the size of the samples permitted,
measurements were made in triplicate. For each
dozen subsamples, two different standard samples
with known isotopic compositions were measured;
the first was the international standard, the second
the internal laboratory standard. The one-point
calibration method was used for the calculation of
δ13C values. All results were expressed in ‰ VPDB.
The laboratory standard FLCELAC (Boettger et al.,
2007) was used for the calibration, and an IAEA-C3
sample was used as a reference for the calculations.
In the case of cave CO2 gas samples, a special
apparatus was used to collect the desired amount
of CO2. The gas was sampled using 100-µL gas-tight
syringes. The gas from the syringes was injected
directly into the helium flow of the continuousflow open-split interface of the isotope ratio mass
spectrometer. All gas sample measurements were made
in duplicate. The IAEA-C3 sample, combusted offline
and treated similarly to CO2 extracted from cave-air
samples, was used as a reference. In the case of the
injected samples, the one-point calibration method
was used for the calculation of the δ13C value as well.
Typical reproducibility based on repeated standards
measurements for both organic and gaseous samples
measurements was better than 0.20‰.

SCANNING ELECTRON MICROSCOPY
The images were taken in the Scanning Microscopy
Laboratory, Faculty of Earth Sciences, University of
Silesia, using a Philips XL30 ESEM instrument with
an EDAX Sapphire analyser, coupled with an energydispersive spectrometer (ESEM-EDS). The images were
acquired in high-vacuum mode using an SE detector
(secondary electrons) at an accelerating voltage
(V ACC) of 15 keV. Qualitative EDS microanalyses
of the chemical composition of the samples were
conducted at selected points of the analysed surface,
chosen on the basis of the BSE (backscattered electron)
images. The tested samples had previously been dried
at room temperature, mounted on aluminium stubs
with double-sided adhesive carbon tape, and coated
with thin carbon film.
Chemical analysis (ICP-OES)
The samples were dissolved in an acid solution
consisting of HCl + HNO3 (in a molar ratio of 3:1).
The solution was then diluted and subjected to
chemical analysis. A spectroflame atomic emission
spectrometer, ICP Model M (Spectro Analytical
Instruments, Germany) was used for the determination
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of P, Si, Fe, Mn, Ni, Sr, Zn, Al, Ba, Ca, Co,
Cu, and Mg. The sequential spectrometer
was used with the following parameters:
frequency, 27.02 MHz; power, 1.1 kW;
demountable quartz torch, Ar/Ar/Ar;
coolant gas Ar, 14.0 L min−1; auxiliary
gas Ar, 0.5 L min−1; nebuliser gas Ar,
1.0 L min−1; nebuliser pressure, 2.5 bar;
glass spray chamber according to Scott,
sample flow rate, 1.0 mL min−1; wavelength
range of monochromator, 165–460 nm.
Wavelengths: for P, 177.5 nm; Si, 251.6
nm; Fe, 238.2 nm; Mn, 294.2 nm; Ni,
221.6 nm; Sr, 216.6 nm; Zn, 202.6 nm; Al,
167.1 nm; Ba, 230.4 nm; Ca, 422.6 nm;
Co, 228.6 nm; Cu, 324.7 nm; Mg, 279.1
nm. The nebuliser flow rate was 5 mL min1.
The loss on ignition (LOI) was measured
after roasting in a furnace at 120ºC for
24 hours.

RESULTS

Fig. 4. Some examples of Fe compound aggregates occurring in Zoloushka Cave: 1) film
on the surface of clay sediments; 2) layered body with a thickness of 5‒20 cm; 3) covers on
the wall; 4) weathered body composed of Fe hydroxides. Photographs by V. Andreychouk.

form of stalactites up to 50 cm in length (Fig. 5-4).
These stalactite-shaped aggregates are very fragile
Types and distribution of Fe-Mn formations
within the cave
and friable. Closer inspection reveals that they are
formed of very small crystals (plates) ‘glued’ to each
Fe and Mn compounds (hydroxides and oxides)
other in the deposits form of arborescent aggregates
occur in the cave in the following forms: films,
with downward-oriented tops.
layers, powder coatings, reniform and stalactiteAnalysis of the spatial relationships of Fe and Mn
and stalagmite-shaped aggregates (Figs. 4‒7). Films
compounds showed (Fig. 6) that most often they
(0.1‒1.0 mm) of iron (orange and yellow, Fig. 4-1)
occur together (Fig. 6-1), creating a specific zonality
and manganese (black, Fig. 5-1) compounds are the
in their distribution, whereby manganese formations
most common, colouring the base of the walls and
are usually located above ferruginous (Fig. 6-2). In
the bottom of the galleries black and red and creating
separate occurrences, Fe compounds form mainly
a characteristic colour scheme in the underground
films, Mn compounds thin layers and accumulations
landscape of Zoloushka Cave.
of black powder (Fig. 6-3, 6-4).
In some places in the cave, Fe compounds form
The degree of the transformation of iron and
layers with thicknesses ranging from 0.5‒2.0 to 10‒
manganese compounds increases in regular fashion
20 cm or more (Fig. 4-2, 4-3). The areas of these layered
from the deeper parts of the cave to the entrance.
formations tend to be small, i.e., 1‒5 m2. Due to natural
Near the entrance of the cave, which is subject to the
dehydration, they become loose and break up into
bedded fragments and poorly cemented
crusts (Fig. 4-4). They are also subject
to colour changes: bright-red formations
become reddish, and, when taken outside
of the cave, turn red-brown and yellow, as
hydroxides are transformed into oxides.
The distribution of Mn compounds
in the cave is also characterised by
significant variety (Fig. 5). In addition to
films (Fig. 5-1), layers of black powder
(0.5‒5.0 cm) and accumulations of black
material very similar to soot, up to 10‒
20 cm (and in one case as much as 45 cm)
in thickness, occur. These accumulations,
which possess a secondary (re-deposited)
character associated with fluctuations in
karst water levels, are usually concentrated
within a small area (up to 1‒2 m2).
Hemispherical, kidney-shaped, and
racemose aggregates (Fig. 5-3) covering
Fig. 5. Some examples of Mn compound aggregates occurring in Zoloushka Cave: 1) film
the lower parts of the walls constitute a
on the surface of clay sediments; 2) thin (0.1‒0.5 cm) layer covering the gypsum wall;
very peculiar type of manganese formation 3) racemose, kidney-shaped aggregates on the wall; 4) stalactite-shaped formations
in the cave. In some cases, they take the in a niche. Photographs by V. Andreychouk.
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of the surfaces of manganese spherules
can also be observed. As in ferruginous
hydroxides, Ni and some other trace
elements are almost always present in
small amounts in manganese compounds
(see below). Calcite (in the form of small,
syngenetic, and secondary crystals) and
gypsum are also present in the mass of
both types of compounds.
Extremely singular types of Fe
formations include stalagmite-shaped
tubular formations at the bottom of
corridors, consisting mainly of iron
compounds (Fig. 9-1, 9-2) and complexly
shaped hollow bodies occurring on the
cave ceiling (Fig. 9-3, 9-4) (Andreychouk,
2007; Andreychouk et al., 2009). The SEM
investigations revealed that the bodies of
these formations are formed by fibrous
and jug-shaped structures (‘branches’
Fig. 6. Some examples of the co-occurrence of Fe and Mn compounds in various microand ‘pots’, respectively), as well as masses
environments of Zoloushka Cave: 1 and 2) Fe and Mn compounds on the walls; 3) Mn
compounds on the wall and Fe compounds under the wall; 4) Mn compound powder on
of organic material which fill them
the film of Fe compounds covering clay sediments. Photographs by V. Andreychouk.
(Fig. 10). Fungus-like microorganisms
form relatively large, colonial formations, which
influence of the external atmosphere, the compounds
can be attributed to microbialites, i.e., organoare dehydrated and are sometimes completely
mineral sediments formed primarily by the activity
transformed into oxides, especially manganese. The
of microorganisms (see Andreychouk et al., 2009, for
ferruginous formations in this location are pale brown
a detailed description on these features).
or yellow, the manganese dark-grey and brownish. In
The iron microbialites of Zoloushka Cave, which
the remote areas of the cave, they retain, respectively,
are especially fungus-like, are unique in many
‘fresh’ red and black colours (with a blue tint).
respects and remain completely unexplored to date.
Both Fe and Mn compounds reveal their bacterial
However, they can be correlated with the microbialites
structure under SEM (Figs. 7, 8), as images show
that the ferruginous materials consist of
very small nodules, resembling peas, of
various sizes (from 1-2 to 5‒10 microns)
(Fig. 7-2, 7-6). The spherules occur separately or
form (via accretion and aggregation) aggregates
consisting of dozens and sometimes hundreds
of individuals. The size of individual spherules
is 2‒5 microns, whereas the aggregates measure
10‒50 microns and more. The spherules often
cover autochthonous or foreign microcrystals
(calcite and, in lesser quantities, gypsum;
Fig. 7-3) contained in the mass of compounds
as small inclusions. The surface of these ‘peas’
is rough, with micropartitions which make it
‘flocculent’ (Fig. 7-5, 7-6). In cross section, the
nodules are characterised by a zonal-concentric
structure. In addition, more complex formations
often occur in Fe-compound powder, sometimes
oddly branched and similar to helictites (Fig. 7-4).
Manganese compounds are also formed
of spherules of different sizes with a zonalconcentric internal structure (Fig. 8-3).
Manganese spherules are slightly larger and
differ from ferruginous in their more complex
structure and less regular shape. Their size
varies within the limits of 10‒30 µm. In contrast
to the ferruginous spherules that build Fe
hydroxides, Mn spherules are characterised by a
Fig. 7. SEM images of ferruginous formations: 1) general view of ferruginous
higher degree of accretion, and virtually always
sediment mass; 2) Fig. 7-1, magnified; 3) isolated iron-bacterial spherules in
form aggregates (Fig. 8-2). With significant corrosive recesses of gypsum crystal; 4) fibrous iron-bacterial structures;
magnification of SEM images, the flaky nature 5 and 6) individual iron-bacterial spherules with characteristic flaky surface.
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detected in other environments rich in
iron and manganese, such as the unusual
flattened nodules and tube-like formations
in a deep part of Connecticut Lake, New
Hampshire, USA (Asikainen & Werle, 2007),
iron-manganese
flattened
microbialites
from the shallow (1‒7 m) Vermillion Lake
in Minnesota, USA (Sommers et al., 2002;
S. Douglas, personal communication),
stalagmite-shaped formations at a depth of
about 800 metres in the abandoned Soudan
iron mine in Minnesota (Edwards et al., 2006;
Boston & Spilde, personal communication;
C. Alexander, personal communication),
and benthic carbonate stalagmite-shaped
structures from Pavilion Lake in Canada
(Laval et al., 2000; Lim et al., 2009; see
also Fig. 11B in Carbone et al., 2016). The
presence of these microbialites is explicable, Fig. 9. Some types of ferruginous stalagmite-shaped (1), tubular (2), and stalactitegiven that fungal biodiversity is broad and shaped (3, 4) formations built from unidentified fungi-like microorganisms. The height
complex (Hawksworth, 1991; Cunningham of the formations varies, with maxima of 10‒15 cm (1), 35‒40 cm (2), 25‒30 cm (3),
and 20‒25 cm (4). Photographs by V. Andreychouk.
et al., 1995; Hawksworth et al., 1995).
Nevertheless, some spheres, similar in appearance,
association of P, Cr, As, Be, Ge, Ba, Pb, and Sr clearly
have also been described in Fe-Mn compounds from
stands out. The content of these elements is always
deep-ocean crusts (Lusty et al., 2018).
correlated with the amount of Fe2O3 in the precipitate
(Volkov, 1990).
Non-organic components of Fe-Mn formations
Mn-compounds (oxides) are represented by two
Fe and Mn compounds occur in the cave in several
mineral species: asbolane-bouazzerite and birnessite.
phases and mineral forms which are characterised by
The formula of birnessite from Zoloushka Cave is
specific compositions and differ in terms of content
Ca0.60K0.07Ni0.08Mn3+1.43Mn4+5.57 O14 × 5.9H2O (Volkov et
of trace elements (Volkov et al., 1987; Volkov &
al., 1986, 1987). Asbolane-bouazzerite was identified
Andreychouk, 1987; Volkov, 1990). Fe compounds
via X-ray diffraction without the establishment of a
in a ‘fresh state’ (in deeper parts of the cave) occur
specific formula (Volkov et al., 1986). The composition
in an amorphous phase, FeOOH·nH2O, in which
of the cave’s birnessite is similar to that of deep-water
oceanic formations (Chuchrov et al., 1979; 1985;
the iron content reaches 50%. The presence of
Volkov & Shterenberg, 1981). In some cases, Mn
large amounts of water in compounds determines
compounds occur as a mix of asbolane-bouazzerite
their high sorption properties (capacity to absorb
and birnessite, in others as pure birnessite only.
microelements) and their status as oxyhydrate
The main component of birnessite is MnO2, which is
collectors. Fe hydroxides contain a large group
of absorbed microelements, among which the
associated with Ni, Co, Mo, Cu, and Zn.
The chemical composition of Fe-Mn
sediments (Table 1) indicates that they
consist mainly of iron and manganese
oxides. From current and older chemical
and structural studies (Volkov et al., 1987;
Volkov & Andreychouk, 1987; Volkov, 1990)
it can be concluded that:
1) amorphous iron oxides are the main
phase in Fe;
2) birnessite is the dominant phase in
Mn sediments, while asbolane and
bouazzerite have also been identified;
3) amorphous iron oxides contain a large
group of absorbed microelements,
among
which
the
paragenetic
association of P, Cr, As, Be, Ge, Ba,
and Pb clearly stands out. The content
of these elements is always correlated
with the amount of Fe2O3 in the
precipitate (Volkov, 1990);
Fig. 8. SEM images of manganese formations: 1) general view of the mass of
4) the main component of birnessite is
manganese compounds; 2) racemose structure of a manganese cluster: magnified
MnO2, which is associated with Ni, Co,
Fig. 8-1; 3) internal concentric structure of a manganese spherule; 4) qualitative EDS
Mo, Cu and Zn;
composition analysis of a manganese spherule.
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5) Fe-Mn chemical sediments are clearly separated
and do not mix. Mn sediments are almost devoid
of iron compounds.
Organic components of Fe-Mn formations
Total organic carbon (TOC) contents in Fe and Mn
formations from Zoloushka Cave are rather low and
diverse (Table 2). The highest TOC values, in the range
of 1.5 to 3.0%, were obtained for the Fe sediments built
from fungus-like microorganisms (PDW-KK-1 and KK
samples). Fe compounds contain 1.4 to 1.5% of TOC
(ST and SH-C-Fe samples), whereas formations from
Mn compounds are organic-poor and characterised
by TOC contents of 0.2 to 0.4% (Table 2).
Isotopic composition of organic carbon
According to the measured CO2 ion current recorded
for Mn-rich samples in the mass spectrometer sample,
the pretreatment method based on long sedimentation
time resulted in a yield about six times higher than
that resulting from the fast pretreatment method
based on centrifugation. For Fe-rich samples, the
long-time sedimentation method was only two times
more effective. Comparing δ13C values (Table 3) for Mnrich samples obtained using these two pretreatment
methods, we can state that there is no statistically
significant difference (t-statistic = 1.68) between
them. A similar comparison for Fe-rich samples
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Table 1. Chemical composition of Fe-Mn formations in Zoloushka Cave
(ICP-OES method).
Fe-compounds
(sample name: SH-C-Fe)

Mn-compounds
(sample name: Mn-K)

P2O5

4.698

±0.070

0.4998

SiO2

3.356

±0.050

0.664

±0.010

Fe2O3

66.02

±0.63

0.1536

±0.0020

±0.0070

MnO

1.192

±0.017

77.66

±0.16

NiO

0.0192

±0.0010

0.1919

±0.0020

SrO

0.2790

±0.0010

0.2765

±0.0040
±0.0020

ZnO

0.0099

±0.0010

0.1504

Al2O3

0.1218

±0.0020

0.0995

±0.0010

BaO

0.2352

±0.0030

0.4202

±0.0060

CaO

9.75

±0.14

12.48

±0.18

CoO

0.0060

±0.0010

0.0320

±0.0010

CuO

0.0000

±0.0010

0.0070

±0.0010

MgO

0.700

±0.010

0.934

±0.014

LOI

8.30

±0.62

2.30

±0.62

Total

94.6871

95.8689

gave the same result, i.e., no statistically significant
difference between δ13C values for the two methods
(t-statistic = 1.98).
The average δ13C of carbon dioxide in the cave air
is -21.33‰ VPDB (standard deviation SD = 0.54‰).
δ13C of the organic fraction of cave Mn-rich sediments
is -28.56‰ VPDB (SD = 0.80‰) and δ13C of the
Fe-rich sediments is -26.07‰ VPDB
(SD = 0.30‰). The average content of
organic carbon δ13C in Fe-rich sediments
differs significantly from δ13C contents,
both in the CO2 in cave air and in Mnrich sediments (t-statistic = 2.9 for the
former test).

DISCUSSION

Fig. 10. Zonal structure of the wall of tubular stalagmite (in section): 1) general cross-sectional
view of the wall: A) outside, B) central, C) inside; 2, 3) jug-shaped and branching formations
of the outer zone; 4) jugs among the branched structures of the middle zone; 5) cluster of jugs
in the middle zone; 6) jugs in organic mass of the inner zone (Andreychouk et al., 2009).

The issues of the deposition of Fe and
Mn compounds in the cave as a reaction
to the changes in the hydrogeochemical
conditions of the karst aquifer caused
by the establishment of the quarry and
its drying are presented in Volkov et al.
(1987), Volkov (1990), Andreychouk &
Klimchouk (2001), and Andreychouk
(2007). The new data presented here,
primarily related to isotopes, but also
including materials from our previous
research, enable a discussion of the
origin of the Fe-Mn sediments of the
cave and answer some key questions,
such as the following:
1) Was the deposition of the Fe
and Mn compounds exclusively
chemical in nature, or biochemical,
involving activity on the part of
microorganisms? If biochemical,
how significant was the role of
microorganisms in the deposition?
2) Why do Fe and Mn compounds
occur separately in cross sections
of the described layers? Moreover,
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Table 2. Organic matter content in various types of Fe-Mn formations in Zoloushka Cave.
Samples

Sample type

KK
PDW-KK-1
SH-ST

Mn-K-1*
Mn-E

TC

Fe-compounds
(hydroxides)

Mn-compounds
(oxides)

TS

TOC = TC - TIC

CC

1.500±0.036

8.900±0.178

Content % wt.
1.100±0.022

SH-C-Fe
Mn-K

TIC

2.600±0.026

0.140±0.001

0.700±0.014

3.700±0.037

0.330±0.003

3.000±0.072

6.200±0.124

0.700±0.014

2.300±0.023

0.140±0.001

1.600±0.036

6.200±0.124

0.7500±0.015

2.200±0.022

0.240±0.002

1.450±0.034

6.300±0.126

0.0200±0.0004

0.500±0.005

0.0100±0.0001

0.480±0.011

0.200±0.004

0

0.440±0.004

0.0100±0.0001

0.440±0.011

0

0.0100±0.0002

0.300±0.003

0.0800±0.0008

0.290±0.005

0.100±0.002

TIC – total inorganic carbon; TOC – total organic carbon; TC – total carbon; TS – total sulphur; CC – carbonate content;
Mn-K-1* – as sample Mn-K, but after chemical treatment to remove carbonates

Table 3. Average isotopic composition of carbon in cave air and in some types of the Fe-Mn formations in Zoloushka Cave.
Sample type

Sample
Mn-K

Mn-compounds

δ13C

Average value

(‰ VPDB)

(‰ VPDB)

-27.57

-27.57

-29.52
Mn-K2

-28.64

-28.89

-28.50
-25,99
SH-C-Fe
Fe-compounds

-26.33

-26.26

-26.33
SH-C-Fe2

why are Fe compounds positioned below Mn
compounds in cases where they occur together?
3) Why do more complex morphological shapes, such
as stalactite- and stalagmite-shaped aggregates,
occur in addition to layers and films in locations
where Fe compounds have accumulated?
A concise model of the formation and transformation
of Fe and Mn hydroxides can be described as follows.
It has long been known that Fe and Mn compounds
dissolved in underground waters are sensitive to
changes in the pH and Eh of the aquatic environment.
Much attention was devoted to this issue, among others,
in papers by Kleczkowski et al., 1974; Macioszczyk,
1987; and other authors. Both Fe and Mn, in an acidic
environment (pH ˂ 6) and in transitional and reducing
hydrogeochemical conditions, reside in underground
waters in a dissolved state – in ionic form (i.e., Fe2+,
Mn2+ and others, depending on the composition and
TDS of water), in the form of neutral and colloidal
particles, in absorbed form, and in the form of more
or less durable organic (in cases where the water
contains a significant amounts of organic matter, e.g.,
fulvic and humic acids) and inorganic complexes. A
change in hydrogeochemical conditions involving an
increase in alkalinity and a gradual transformation
from reducing into oxidating conditions leads to the
precipitation of Fe and Mn compounds, usually in the
form of hydroxides. In the process of the oxidation
of these compounds, ferrous and manganese bacteria
usually play an important role, as they benefit from
the chemical energy released during the oxidation of
Fe2+ to Fe3+ and of Mn2+ to Mn3+ and Mn4+. This results
in the metabolic accumulation, internal or external,
of significant quantities of Fe or Mn compounds
(15‒20% and more; see Lukashev, 1958), which
may be the source of ferromanganese and so-called

-25.70
-25.92

-25.81

cave microbialites, i.e., ferromanganese deposits
(Barbić & Savić, 1985; Ivanova, 1986; Northup et al.,
2003; Spilde et al., 2005; Andreychouk et al., 2009;
Carmichael et al., 2013). The optimal functional ranges
for microorganisms depositing Fe and Mn compounds
in hydrogeochemical conditions are, in terms of pH,
5.5–9.5, and in terms of Eh, +50–800. The higher the
redox potential, the lower the alkalinity of the solution,
which is favourable for the biochemical precipitation
of Fe and Mn compounds. It is generally believed that
the growth of ferrous bacteria depends only slightly on
the concentration of iron in water, as these bacteria
can thrive at concentrations ranging from 0.02 to
10 mg/dm3. Very high iron concentrations (˃14 mg/dm3)
inhibit their development (Macioszczyk, 1987). The
presence of dissolved organic matter and CO2 in water
stimulate the deposition process.
Earlier geomicrobiological studies carried out in the
cave in the late 1980s and early 90s clearly indicated
the important role of ferrous and manganese
microorganisms in the deposition of Fe and Mn
compounds. Examination of these compounds
via SEM enables direct observation of ferrous and
manganese microorganisms (Figs. 7, 8, and 10).
The separate (unmixed) occurrence of Fe and Mn
sediments in the cave indicates that the sediments
were deposited by different groups of bacteria, i.e.,
ferrous and manganese, and not by ferro-manganese,
which can deposit Fe and Mn simultaneously (the
bacteria from the Leptothrix group are characterised
by such properties). The microscopic examination
of both types of sediments showed morphological
differences between them, as neither mutual
penetration of layers nor the presence of transition
zones suggesting that the sediments may be capable
of mixing were detected. Moreover, the content of
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organic carbon in the manganese sediments, lower
than that of the ferrous deposits, may suggest that the
manganese compounds were formed at a later stage.
The occurrence of Mn sediments on Fe sediments in
the cave also indicates their separate genesis in terms
of depositing microorganisms.
In many places, more complex colonial forms –
unidentified fungi-like microorganisms, representing
a higher level of biological organisation and a
more complex metabolism – occur on (‘parasitise’)
morphologically complex ferrous bacterial deposits.
The analysis of spatial relationships between groups
of microorganisms and the sediments they formed,
as observed in SEM images, showed that the process
of compound deposition took place in stages, and
also that genetic (evolutionary) relationships existed
between particular groups. This was also indicated by
isotopic studies (see below).
At this point, on the basis of the above information,
we were able to state conclusively that the process
of formation of Fe and Mn compounds in the cave
included the significant involvement of specialised
microorganisms. One possible scenario is as follows:
during the long history of the cave’s formation in
hypogenic conditions (Andreychouk, 2007), under
the relatively tight cover of clay sediments, and in
the completely aquatic cave maze, hydrochemical
conditions were weakly alkaline. At the final
stage of the hydrogeochemical history of the cave
(approximately 10,000–70 years), the waters from
the aquifer in Quaternary alluvial deposits, enriched
with organic matter as well as soil material rich in
organic acids, entered through the chimneys, which
had been flooded due to gravity, in the roof of the cave.
These events gradually created conditions favourable
for the reduction of sulphates (with the involvement
of D. desulfuricans) and accumulation of H2S. The
reductive activity of anaerobic microorganisms
reduced the Eh of the aquatic environment, which in
turn favoured the dissolution and accumulation of
Fe2+ and Mn2+ in water and Fe sulphides in the clay
sediments of the cave.
As shown by geological surveys conducted just
before the karstic aquifer was opened by the quarry
(in the second half of the 1940s), the karst waters
were characterised at that time by a high level (4‒5
g/dm3) of mineralisation (high TDS content), as
well as being enriched in Fe2+ and Mn2+, saturated
with hydrogen sulphide (up to mg/dm3), and low in
oxygen (Volkov, 1990; Andreychouk & Klimchouk,
2001; Andreychouk, 2007). These circumstances
determined the significantly reducing nature of the
aquatic environment, which in turn resulted in the
mobilisation of Fe and Mn forms dissolved in water,
primarily in the form of sulphides.
With the beginning of work on the gypsum deposit
and the opening of the ‘sealed’ karstic aquifer through
dozens of boreholes, O2 began to penetrate the cave
environment. Oxygen provoked the activity of thionic
bacteria, which proceeded to oxidise H2S (Thiobacillus
thioparus) and sulphur formed in the oxidation process
(T. thiooxidans). The latter promoted (in the presence of
sulphides, sulphur, Fe2+, and Mn2+, especially in cave
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clays) the activity of ferrous (such as Acidithiobacillus
ferrooxidans) and manganese bacteria by producing
H2SO4, which resulted in the accumulation of this
compound in underground oxidised waters, including
colloidal forms of Fe and Mn. The bacterial oxidation
of H2S led to continued oxidative conditions and
the stratification of the cave aquifer into two zones
(without a clear border): the upper zone characterised
by neutral or weakly alkaline and definitely oxidising
conditions, the lower by slightly more acidic,
reducing conditions. These zones corresponded to
hydrogeochemical environments characterised by
different conditions and by different forms of Fe and
Mn. In the oxidising conditions of the upper zone, Fe
and Mn compounds began to precipitate, though not
very actively, colouring the gypsum walls of the cave
yellow and black. In the weakly acidic conditions of the
lower zone, Fe and Mn were mobilised, accumulating
in water in increasing amounts. As the aquifer
oxidised, the upper zone (‘oxidation front’) gradually
moved downward, ‘squeezing’ the lower zone with
its reducing conditions and accumulated resources
of dissolved Fe and Mn compounds and leaving the
colourful stripes that marked the lower zone’s decline
on the walls. The deposition of Fe and Mn compounds
within the upper zone was not very active; most likely
it occurred in a purely chemical manner and involved
bacteria. However, this process did not occur on a
massive scale, because the main resources of iron
and manganese in mobilised form were contained in
the degraded lower zone.
Mass precipitation of Fe and Mn compounds, which
left their accumulations in the form of the cave deposits,
occurred at the time the quarry was established
along with the initiation of water-pumping activities.
The active oxidising aeration of the ‘physically’ open
karst collector significantly accelerated the process
of stratification of geochemical conditions in the
water environment and the neutralisation of the
environment, which led to the active precipitation of
Fe and Mn hydroxides. During this process, freshly
formed Fe and Mn hydroxides actively absorbed such
elements as Ni, Co, Cu, Zn, Mo, and others from the
water, usually accompanying them and forming a
paragenetic association (Volkov et al., 1985, 1987).
The mass precipitation of Fe and Mn compounds
covering the bottom parts of the cave corridors
undoubtedly occurred through the mediation of
ferrous and manganese bacteria. The active, decisive
role of microorganisms is indicated, in addition to the
above-mentioned direct mechanisms (SEM images), by
the enrichment of manganese formations (birnessite
and asbolan-bouazzerite) with organic matter and
the overfilling of Fe hydroxides with fungus-like
organisms.
As mentioned above, the absence of any mixing of
ferric and manganese masses indicates their separate
deposition by geochemically specialised groups of
ferruginous and manganese microorganisms. The
most commonly described bacterium responsible for
iron oxidation is Acidithiobacillus ferrooxidans. This
type of bacteria has been identified and described in
the environment of Zoloushka Cave (Andreychouk &
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Klimchouk, 2001). A. ferrooxidans is an autotrophic
organism that uses chemical energy (iron oxidation) to
assimilate carbon from CO2. However, determination
of the type of microorganisms responsible for the
oxidation of manganese is problematic. Heterotrophic
manganese-oxidising bacteria, most commonly
mentioned in the literature (Maki et al., 1987; Greene
& Madgwick, 1988; Miyajima, 1992), assimilate not
CO2 but simpler organic compounds, such as the
remains of other organisms. The source of carbon
is important due to the following considerations
concerning isotopic fractionation.
Laboratory research in the field of microbiology
may be helpful in specifying the mechanisms of the
bacterial formation of Fe and Mn deposits. Cowie
et al. (2009) examined the differences in carbon
isotopic fractionation between autotrophic and
heterotrophic bacteria. In laboratory conditions,
autotrophic bacteria assimilated CO2 and, as a result
of fractionation, produced organic matter through
the depletion of carbon isotopes by 8‰ compared to
atmospheric CO2. Heterotrophic bacteria, parasitising
on autotrophic bacteria, did not fractionate carbon in
organic matter.

On the other hand, Hobbie et al. (2001) and Ruess
et al. (2005), who conducted research on carbon
fractionation for several types of fungi, demonstrated
that fungi fractionate carbon from food only to a
small extent; however, some species (Polyporus sp.)
enriched organic matter by about 3.5‰, while one
species (Cladosporium cladosporioides) was capable of
depleting organic matter by about 0.7‰.
Having compared the average δ13C values of carbon
dioxide in the Zoloushka cave air with δ13C content
in organic fraction of cave Mn-rich sediments, we
suggest that organic carbon in these sediments is
the residue of autotrophic bacteria which assimilated
carbon dioxide from the atmosphere according to
the established carbon isotope fractionation scheme
(Cowie et al., 2009). The average content of organic
carbon δ13C in Fe-rich sediments differs significantly
from the corresponding content in both the CO2 in
cave air and Mn-rich sediments. Based on these
facts and studies (Ruess et al., 2005; Cowie et al.,
2009), we suggest that carbon transformation in
the system ‘cave air CO2 – C of organic matter
of Fe and Mn sediments’ may appear as shown
in Fig. 11.

Fig. 11. Hypothetical transformation of carbon in the biogenic (bacterial) cycle of the formation of Fe
and Mn compounds in Zoloushka Cave.

In the final stage of the opening of the cave maze by the
quarry and radical changes in the hydrogeochemical
conditions of the aquifer, autotrophic bacteria (A.
ferrooxidans) began assimilating carbon from the cave
atmosphere, significantly enriched with CO2 (δ13C
21.23‰), and transforming it into organic matter,
with δ13C equal to -28‰ (Δ13C is approximately
‒7.3‰.). Even today, after 60‒70 years of the cave’s
exposure to the external environment, the content
of CO2 in the cave air remains very high, 1‒4% or
more, due to its weak natural ventilation. Next, the
organic residuals of the bacteria were consumed by
heterotrophic organisms (bacteria oxidising Mn),
generally without the carbon fractionation (as in a
laboratory study by Cowie et al. 2009). The organic
matter of Fe compounds may also have served as a

source of food for fungi-like microorganisms coexisting
with autotrophic Fe bacteria. This transformation was
accompanied by carbon isotopic fractionation (Δ13C)
between the two organic residuals of approximately
2.0‰.

CONCLUSIONS
This study, including isotope studies, on the ferrous
and manganese sediments of Zoloushka Cave, has
enabled the formulation of the following conclusions,
which answer the questions posed in the introduction
of this article:
1. The remains of microorganisms (bacteria and
fungus-like organisms) detected in the Fe and Mn
sediments by SEM suggest quite clearly that these
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2.

3.

4.

5.

sediments were formed with the involvement of
these organisms and constitute the product of
their metabolic cycles. Thus, they are biogenic
sediments, or so-called microbialites.
The separate, unmixed occurrence of ferrous
and manganese formations in the cave is due
to the creation of the above-mentioned types
of sediments as the result of two separate
biogeochemical processes. Their formation took
place with the involvement of various groups
of bacteria, both ferrous and manganese, as
indicated by their differing chemical composition
and ‘physiognomy’ (the structure and shapes of
the organisms) visible under SEM and by the
isotopic differences between them.
The location, characteristic of the cave, of
manganese sediments on ferrous sediments is a
reflection of the evolutionary-genetic relationship
between them. The content of organic carbon,
lower in manganese than in ferrous sediments,
may suggest that manganese compounds were
formed as secondary features in the presence of
the originally deposited ferrous formations. Their
formation may have been caused by heterotrophic
bacteria consuming organic carbon collected by
autotrophic ferrous bacteria in ferrous sediments.
Stalactite- and stalagmite-shaped colonial ferrous
bodies, usually ‘growing’ from ferrous masses,
are composed of the remains of fungus-like
microorganisms that most probably functioned
in a close relationship with autotrophic ferrous
bacteria. This is indicated by the joint occurrence
of these groups of microorganisms, their complex
spatial and structural relationships (visible
in SEM photographs), and the insignificant
values of organic carbon fractionation in strictly
bacterial carbon formations and formations built
of fungus-like microorganisms.
The isotopic analyses of organic carbon
conducted on the cave’s ferrous and manganese
sediments showed correlations between the
isotopic biofractionation values obtained in the
laboratory (data from Hobbie et al., 2001; Ruess
et al., 2005; Cowie et al., 2009) and in the cave
environment (our data). The values of isotope
ratios of organic carbon from biogenic carbon and
manganese cave deposits are useful to determine
their formation sequence.
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Abstract:

Thirty seven floor sediment samples of Upper Pleistocene age from the Loutra Almopias
Cave were collected from different beds and stratigraphic columns on the basis of their
induration grade, grain distribution, and paleontological findings. Channel facies make up
the bulk of the clastic sediments found in the cave passages. Slackwater facies compose
the final layer of all the stratigraphic sections of the examined cave. The floor sediments
are mineralogically immature, since they contain many ferromagnesian minerals, feldspars
(especially plagioclase) and quartz. The extensive presence of silicate minerals means that
the phyllites, gneisses, schists, ophiolitic rocks and the clastic Mariam Formation of the
Almopia Zone are the main detrital load source, along with the flysch of the neighboring
Pelagonian Zone. The presence of sand-sized grains, pebbles and cobbles of dolomitic or
calcitic composition also designates the carbonate rocks of the Almopia and Pelagonian
Zones as primary sources. The dolomite and calcite content of secondary chemical origin in
the cave sediments is very limited. Kutnohorite, isomorphous with dolomite, was found for first
time in a Greek cave. The provenance of the sediments is mixed; they are composed mainly
of the weathering materials of the Alpine metamorphic basement and the carbonate rocks
outcropping adjacent to the cave. The sediments were transported and deposited inside the
cave, after rapid weathering and erosion of the surrounding rocks, under a tectonically active
regime. The mineralogical variation in the stratigraphic columns demonstrates variations in
the clastic load, due to the different weathering intensity periods. Most of the sediments are
fluvial deposits, and one is considered a glacial deposit. Fossils of Lepus timidus (mountain
hare) found within the cave represent the southernmost record of this species in Europe. Its
presence signifies a cool phase at the end of the last glacial period before the onset of the
warm Holocene Epoch.
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INTRODUCTION
The abundance of a terrigenous mineral in a given
sedimentary rock depends mainly on three factors,
namely its availability in the parent rocks of the
source area, its mechanical stability and its chemical
stability (Folk, 1974). According to Suttner (1974) the
factors that combine to produce detrital assemblages
found in modern and ancient sediments include
source-rock composition, tectonics, climate and relief.
Reineck & Singh (1986) consider the mechanism of
transportation and deposition, along with climate
and source areas, as the most important factors
for the accumulation of a sedimentary deposit. In a
*ananias@geo.auth.gr

more descriptive way, Pettijohn et al. (1987) consider
provenance as the paleogeography of a region, the
identification of possible source areas for the clastic
material and the revealing of details about the
paleocurrents and the paleoslope.
Most of the transported and deposited clastic
sediments in a cave tend to be episodic. Although
the overall mix of these materials depends greatly on
the weathering products in the source area distinctly
different facies are formed inside the cave depending
on flow dynamics. Based on transport mechanisms the
sediments deposited in a cave may be distinguished
in the facies: channel, thalweg, slackwater, diamicton,
and backswamp (Bosch & White, 2004). Sediment
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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input, sediment removal and chemical precipitation,
processes that have occurred repeatedly in the past,
are related to distinct paleoclimate and hydrological
conditions that have yielded complex sediment
assemblages in many caves (Auler et al., 2009).
The mountains around the Mediterranean Sea
were repeatedly glaciated during the Pleistocene
(2.58 Ma to 11,700 yr BP) (Hughes & Woodward,
2016). The geomorphological and sedimentological
record of glaciations in these mountains provides
valuable information on past climates because the
presence of glaciers is closely related to atmospheric
air temperature and moisture supply (Hughes &
Woodward, 2016).
In Greece, mountain glaciations appear to have
been quite extensive along the mountain range of
Pindus and on Mount Olympus during the Middle and
Upper Pleistocene. Cirques are the most characteristic
landforms of glaciated mountains and usually are
used as evidence of occurrence of former glaciers
(Woodward & Hughes, 2011; Bathrellos et al., 2014).
Bathrellos et al. (2017) studied a total of 227 inactive
cirques, of limestone lithology in majority, and
mapped them across the mountains of Greece (Fig. 1).
Four discrete phases of Pleistocene glacial activity
have been recorded on Mount Smolikas (2,637 m),
the 2nd highest mountain in Greece (Bathrellos et al.,
2014). Paleoclimatic reconstructions based on modern

Fig. 1. Topographic map of Greece with the location of cirques (black
circles): 1) Mount Falakro; 2) Mount Voras; 3) Mount Olympus; 4) Mount
Grammos; 5) Mount Vasilitsa; 6) Mount Smolikas; 7) Mount Tymphi;
8) Mount Athamanon; 9) Mount Vardousia; 10) Mount Giona; 11) Mount
Parnassus; 12) Mount Erymanthos; 13) Mount Aroania (or Chelmos);
14) Mount Taygetus; 15) Mount Lefka Ori; 16) Mount Idi (modified
from Bathrellos et al., 2017).

glacier- and rock glacier-climate relationships suggest
that mean annual temperatures during the last phase
of glacier activity in the Pindus Mountains were 6.3°C
cooler than present (Hughes et al., 2006). The last
glacial advance in Greece correlates well with global
cooling during Heinrich Event 1, between 14,310 ±
200 y and 13,960 ± 260 yr BP (Hughes et al., 2006).
Evidence of former equilibrium line elevations on Mount
Olympus (2,918 m), the highest mountain in Greece,
point to more extensive Pleistocene glaciations and far
colder climates than previous studies have indicated
(Smith et al., 2006). These findings are supported by
the record of glacial deposits both on the mountain and
across the adjacent piedmont (Smith et al., 2006).
The Loutra Almopias Cave (LAC) (Fig. 2) is located
in Pella Macedonia (Northern Greece) on the eastern
slopes of Mount Voras (2,524 m), about 120 km
northwest of Thessaloniki. It is developed at the north
side of the V-shaped gorge of Thermopotamos Stream
near the site of the local spa at an altitude of 540
m (Tsoukala et al., 2006). Formerly it was known as
Bear Cave of Almopia Speleopark (Tsirambides, 2006)
or Loutra Arideas Bear Cave (Tsoukala et al., 2006).
Its total surface area is 820 m2 and its longest corridor
is 129 m.
Early study of sediments collected from different
depths of one excavation site at the floor of the Loutra
Almopias Cave confirmed the extensive presence of
Ca-Mg primary and secondary minerals (Tsirambides,
2006). This mineral assemblage is indicative of the
composition of source rocks in the broader area.
Karst morphology and fluid inclusion study
confirmed the hypogene-hydrothermal origin of all the
caves in the Almopia speleopark. Cave morphology
is dominated by cupolas, phreatic bridges, ridges
and “windows”, fracture guided passages, pendants,
pseudonotches,
false-floors
and
spongeworks,
indicating that speleogenesis was largely due to slowly
flowing hot water bodies (Lazaridis, 2006). Phreatic
calcite from an adjacent cave was analyzed on the basis
of fluid inclusions to investigate the physicochemical
conditions of the flowing water bodies. This calcite
was formed at temperatures ranging from 120 to
189ºC, with a peak around 150ºC. The fluids were
dominated by NaCl of very low salinities (0.2-1.0 wt%
NaCl equiv.) showing dominance of meteoric waters
(Lazaridis & Melfos, pers. comm.).
The age range of the fossil-bearing beds from the
cave is from 32 ka BP to a maximum of 43 ka BP
(Rabeder at al., 2006; Zisi et al., 2010). Samples of
these Late Pleistocene bear bones were studied by
carbon and oxygen isotope analysis for paleoclimatic
reconstruction indicating that colder climatic
conditions prevailed in the area in relation to modern
time (Zisi et al., 2010).
Excavations in the cave for paleontological
research during the period 1992-2006 yielded more
than 15,000 fossil remains from large and small
mammals (Tsoukala et al., 2006). The micromammal
fossils contained in the sediment deposits of this
cave were studied in detail by Chatzopoulou (2014)
who presented original data on its stratigraphy,
taphonomy, and paleoenvironment.
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Fig. 2. Geological map of the study area and position of LAC (Loutra Almopias Cave) (adapted from Mountrakis, 1976).

In the Upper Pleistocene the supply of the detrital
sediments to the cave started through site LAC Ic,
which probably was an entrance at that time. In the
Holocene, the initial entrance was already blocked
by rock falls and large boulders collapsed from the
cave ceiling. Afterwards, chemical sedimentation
took place inside the cave, resulting in the formation
of various speleothems (i.e., stalactites, stalagmites,
curtains, gours, flowstones, etc.) (Kabouroglou et al.,
2006; Chatzopoulou, 2014).
The present work is a detailed textural and
mineralogical study of the sediments deposited inside
the cave, designed to enhance the paleontological
research of other academic researchers. The results of
this study will be directly relevant for the interpretation
of the taphonomical history of the thousands of
fossils collected from the cave (Chatzopoulou, 2014).

Furthermore, the climatic conditions, under which
the sediments were accumulated, along with their
provenance, are important constraints on the origins
of the fossils.

GEOLOGICAL SETTING
The study area is on the eastern margin of the
Pelagonian Zone and the western margin of the
Almopia Zone (Fig. 2, Mountrakis, 1976). The
Pelagonian Zone consists of two areas: one with
marbles and dolomitic/micaceous marbles of Triassic
to Jurassic age and another with transgressional
limestones of Upper Cretaceous age and flysch of
Upper Cretaceous–Lower Paleocene age. The Almopia
Zone and especially its Unit of Loutra Almopias
(Pozar), is composed of a metamorphic basement with
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phyllites, sericitic schists, greenschists, amphibolitic
schists, gneisses, marbles, cipolines and ophiolitic
rocks of Paleozoic to Triassic age, the limestone of
Diasselo of Lower Cretaceous age and the clastic
formation of Mariam of Upper Cretaceous age. The
whole Loutra Almopias Unit moved westwards on a
thrust fault over carbonates and submarine fans of
the Pelagonian Zone (Fig. 2, Mountrakis, 1976).
Throughout the Almopia Zone many occurrences of
Pliocene volcanic rocks are found, with the volcanic
centers being located to the northern region of the
zone (Mount Voras) and the volcaniclastics to the
southern region (Almopia Plain) (Eleftheriadis, 1977).
The volcanic rocks are rhyolites, dacites, trachytes,
latites, andesites and sossonites, belonging to the
high K calcalkaline series. These rocks, being acid
to intermediate, are rich in plagioclase, sanidine,
hornblende, clinopyroxene and biotite (Eleftheriadis,
1977; Kolios et al., 1980; Vougioukalakis, 1994).

MATERIALS AND METHODS
Thirty seven fine to medium grained sediment
samples were collected from different beds of the
stratigraphic columns (Fig. 3). The criteria for their
selection were the induration grade of the beds, the
grain distribution and the paleontological findings
inside them. They were analyzed in detail, both

texturally and mineralogically. The samples were
ground in a mortar to disaggregate them and left to dry
at room temperature (Jackson, 1974) prior to X-ray
diffraction (XRD) analysis. Powder X-ray diffraction
was performed in a Philips diffractometer with Nifiltered CuKα radiation. Randomly oriented mounts of
the untreated samples were scanned over the interval
3-63º 2θ at a scanning speed of 1.2º per minute. In
addition, parallelly oriented, glycolated and heated at
550ºC for 2.5 hours mounts of selected fine grained
(<20 μm) samples were scanned over the interval 3-33º
2θ at the same scanning speed. Semi-quantitative
estimates of the minerals present are based on peak
heights and intensity factors of the XRD patterns,
using the methods described by Hower et al. (1976)
and Moore & Reynolds (1997). Any gravel load in the
samples (grains with diameter >2 mm) was previously
removed. Five rich-in-gravel samples from column
N10 (chamber LAC I) were separated into consecutive
size fractions by sieving for their textural properties to
be studied. These samples were selected for textural
analysis, because this deposit demonstrates the
greatest lithological variety of all the chambers and
also, it is located in the centre of the cave. In addition,
the <20 μm fraction of six fine grained samples
obtained from different beds, was studied in detail
using powder X-ray diffraction. This fraction was
acquired using gravimetric methods (Jackson, 1974).

Fig. 3. Ground plan of Loutra Almopias Cave (LAC) with the excavated sites in the chambers (Kabouroglou & Chatzitheodorou, 1999; illustration by
G. Withalm; modified). Positions of the stratigraphic columns and of the samples collected from different beds of each column are shown. Depth in cm.
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In this way the mineralogical composition of this
fraction of the samples was estimated. In both cases,
prior to their separation, no chemical treatment was
applied to the samples.

RESULTS
Textural characteristics
Macroscopically the samples analyzed are mainly
gravels to fine grained sands, with a few samples
being more clayey. In some cases relatively mud-rich
samples abruptly overlie sandy ones, a fact indicative
of the end in a detrital load supply and the beginning of
a new cycle of accumulation under different hydraulic
conditions.
The textural properties of detrital sediments depend
on weathering and depositional processes, as well
as on the source material. All of these are reflected
through the size and shape of the grains and the sorting
and skewness of the sediments (Blatt et al., 1980).
The statistical parameters of grain size populations
of the gravel-bearing samples from column LAC I
(N10) were determined according to Folk et al. (1970)
and are presented in Table 1. The largest number
of different sediment beds (12) exist at this column
(Fig. 3). The samples analyzed have poor to very poor
sorting (σI=1 to 2.04). Samples N10-1 and N10-10
are fine skewed, N10-4 and N10-8 present almost
symmetrical skewness and sample N10-7 is coarse
skewed. The poor degree of sorting of the sand-sized
grains, the pebbles and cobbles contained, along with
the presence of mud in most of the samples, designate
them as texturally submature.
The characterization of the cave sediments, on the
basis of gravel/sand/silt/clay ratios, is presented in
Table 2. In Figures 4 and 5 the textural classification
of these samples is shown. Specifically, samples
containing gravels are classified as gravelly sands,
with the exception of sample N10-8 which is slightly
gravelly sand and N10-10, which is sandy gravel
(Fig. 4). The gravel-free samples are classified as silty
sands, muddy sands, sandy muds, sandy silts, muds
and one sample as silt (R2-10) (Fig. 5).
Table 1. Statistical parameters of grain size populations of the samples
containing gravels from the column LAC I (N10), according to Folk et
al. (1970).
N10-1

N10-4

N10-7

N10-8

N10-10

G (wt.%)

13.94

14.28

4.99

0.54

33.84

M (wt.%)

1.16

3.18

6.80

7.52

1.91

S (wt.%)

84.90

82.54

88.21

91.94

64.26

Mo (Φ)

0&3

-3 & 0.8

-2 & 3.3

3.2

-0.2 & 3.9

Md (Φ)

0.4

0.5

2.5

2.8

-0.4

MZ (Φ)

0.66

0.76

2.03

2.8

0.05

QDΦ (Φ)

1.35

1.18

1.09

0.65

1.21

σΙ (Φ)

1.69

2

1.73

1

2.04

SkI

0.29

-0.01

-0.35

-0.05

0.25

KG

0.79

1.28

0.99

1.11

1.11

Φ = -log2δ (δ=diameter in mm); G = weight percent of gravel;
M = weight percent of mud (silt + clay); S = weight percent of sand;
Mo = mode; Md = median; MZ = graphic mean; QDΦ = quartile
deviation at Φ; σΙ = inclusive graphic standard deviation;
SkI = inclusive graphic skewness; KG = graphic kurtosis.
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Table 2. Textural classification based on the gravel/sand/silt/clay
percentages of the cave sediments analyzed, according to Folk
et al. (1970).
Gravel

Sand

N10-1

Sample

14

85

Silt
1*

Clay

Classification
Gravelly sand

N10-4

14

83

3*

Gravelly sand

N10-7

5

88

7*

Gravelly sand

N10-8

1

92

7*

Slightly
gravelly sand

N10-10

34

64

2*

Sandy gravel

P10-10

-

28

71

1

Sandy silt

V4-2

-

3

63

34

Mud

V4-3

-

32

49

19

Sandy silt

V4-4

-

59

36

5

Silty sand

V4-5

-

30

35

35

Sandy mud

V4-6

-

74

22

4

Silty sand

D10-3

-

21

30

49

Sandy mud

D10-4

-

60

26

14

Muddy sand

D10-8

-

84

15

1

Silty sand

G10-3

-

8

59

33

Mud

G10-4

-

61

36

3

Silty sand

G10-5/7

-

57

23

20

Muddy sand

R2-6

-

31

44

25

Sandy mud

R2-7

-

71

24

5

Silty sand

R2-8

-

71

24

5

Silty sand

R2-9

-

12

80

8

Sandy silt

R2-10

-

3

75

22

Silt

*(Silt+Clay)

Most of the sediments analyzed are fluvial in
origin. The majority of them present bimodal grain
populations, a characteristic of river sands. Pebbles
and cobbles, red-brownish to grey-whitish in color,
exist in some beds of the chambers excavated. Their
lithology varies greatly. More specifically, in the
fossil-bearing bed V4-5 (LAC Ib) pebbles and cobbles
of dolomites, marbles, limestones, sandstones and
ophiolitic rocks are found. In the fossil-bearing
beds G10-5, G10-6 and G10-7 (LAC Ic) pebbles and
cobbles of dolomites, marbles, greenschists, black
limestones and ophiolitic rocks are found, whereas
in the fossil-bearing bed R1-2 (LAC III) only pebbles
of marbles are found. The sediments are generally
loose or slightly compacted, with the exception of the
samples obtained from the upper beds that exhibit
great induration. The distribution of coarse gravel,
pebbles and cobbles in the different stratigraphic
columns is presented in Fig. 3. This distribution is
greatly influenced by the dynamics of the water flow
entering the cave passages.
The depositional environment of some samples was
estimated using the discrimination diagram of Pe &
Piper (1975). Samples N10-1, N10-4 and N10-10 are
classified as fluvial deposits, whereas samples N10-7
and N10-8, obtained from a depth of about 200 cm
below the reference-zero point of the cave (usually
the floor elevation at the cave entrance), are mudflow
and glacial deposits, respectively (Fig. 6). Probably,
some more sediments from other chambers could be
of glacial origin.
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been detected in one sample (Ia-1), beyond
its detrital carbonate components of dolomite
(27%) and calcite (25%).
Muscovite (+sericite+illite) and chlorite
(+serpentine) predominate in the <20 μm
fraction of some fine grained samples
analyzed. Talc follows in lesser amounts. The
presence of other minerals is limited because
of the small grain size of this fraction (Table 4).
The distribution of the minerals within each
stratigraphic column is demonstrated in Fig.
7. The mineral assemblages [Q+F(Kf+P)+M]
and (T+Ol+Px+Am) coincide in variation in
the stratigraphic columns. The assemblage
(D+C) presents a reverse trend comparing it
to the previous ones.
Paleontological findings
Micromammalian remains were found
in two chronologically different localities
within the Loutra Almopias Cave: such fossils have
been found in different beds of all the excavated sites
in the cave floor (sites V4-5, N10-4, G10-5, G106, G10-7, D10-3, R1-2, R2-4) as well as within the
sediments of an elevated site, 5 m above the cave
floor (site LAC Ia). After detailed excavation processes
and treatments of the sediments, a large number of
micromammalian teeth and bones were yielded (e.g.,
insectivores, rodents, lagomorphs). In total 31 species
have been recognized within the sediments at both
localities (Chatzopoulou, 2014). Both faunas show
a mixing of typical Pleistocene species (cool climatic
conditions) with Holocene species (warm climatic
conditions). The faunal composition and the absolute
dating of fossils and sediments confirm that the fauna
from the cave floor sediments may be contemporary
or slightly younger than the macromammalian fauna
from the same sites, which is dominated by the
cave-bear species Ursus ingressus, representing the
Middle Würm (42,500 BP) to Last Glacial Maximum
(Rabeder et al., 2006), whereas the fauna from LAC
Ia is younger (14,500-13,000 BP), representing a cold
period of Last Glacial (Older/Younger Dryas) before
the Holocene Epoch (Rabeder, pers. comm.).

Fig. 4. Ternary diagram on the basis of gravel/sand/(silt+clay) ratios for the textural
classification of the cave sediments analyzed according to Folk et al. (1970).

Fig. 5. Ternary diagram on the basis of sand/silt/clay ratios for the
textural classification of the cave sediments analyzed according to
Folk et al. (1970).

Mineralogical composition
The semi-quantitative mineralogical composition of
the samples analyzed is presented in Tables 3 and
4. The quartz content varies significantly, ranging
from traces (sample V4-2) to 35% (sample R2-7). An
analogous variation is observed for the plagioclase
content, too. Phyllosilicates are present in significant
amounts in all the examined sediments. Micas
(+ chlorite + serpentine) are present in all samples. Talc
content varies from traces up to 30% (sample R2-6).
Accessory ferromagnesian minerals, such as olivine
(forsterite), pyroxene and amphibole (tremolite), are
common almost in all samples. Pyrite exists in most
of the samples. The presence of minerals of volcanic
origin, such as cristobalite and zeolite, is scarce. They
are found only in the sample N10-1.
In most of the siliciclastic sediments of the cave,
calcite and dolomite, both of detrital origin, are found.
The total amount of these two carbonate minerals
varies from 3% (sample P10-10) to 93% (sample
P10-9). The carbonate minerals aragonite (21%) and
Mg-kutnohorite (27%), both of chemical origin, have

Fig. 6. Discrimination diagram for depositional environments according
to Pe & Piper (1975). A = glacial deposits, B = mudflows, and C = fluvial
deposits. LMF = Limit of Mud Flows. Other symbols as in Table 1.
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Table 3. Semi-quantitative mineralogical composition (wt.%) by XRD of the bulk cave sediments analyzed.
Column

LAC I

LAC Ib

LAC Ic

LAC II

LAC III

LAC Ia

Sample

Depth
(cm)

N10-1

-89

N10-2

-92

N10-4

-105

N10-6
N10-7

D

C

Q

Kf

P

M

-

-

90

1

23

-

6

41

2

1

1

3

9

4

19

5

5

23

-127

35

-153

10

10

7

1

2

-

29

-

19

N10-8

-170

N10-9

-198

31

16

11

-

62

4

2

1

N10-10

-247

34

5

13

P10-9

-84

91

2

P10-8

-87

32

-

P10-10

-93

3

-

V4-2

-58

2

V4-3

-73

24

V4-4

-88

V4-5

-128

V4-6

T

Ol

Px

Am

Py

Cr

Z

Ar

Kn

-

-

8

-

-

13

9

-

-

1

1

-

-

-

-

-

-

-

6

13

4

5

7

-

-

-

-

34

6

2

1

2

-

-

-

-

-

18

13

-

3

4

4

-

-

-

-

4

24

7

-

3

4

-

-

-

-

5

17

6

1

-

1

1

-

-

-

-

-

4

13

23

2

-

3

3

-

-

-

-

4

-

1

2

-

-

-

-

-

-

-

-

-

28

-

9

15

5

6

1

4

-

-

-

-

-

31

3

3

44

5

4

3

-

4

-

-

-

-

89

tr

-

-

5

-

-

-

4

-

-

-

-

-

48

12

-

2

14

tr

-

-

-

-

-

-

-

-

54

8

16

-

3

19

tr

-

-

-

-

-

-

-

-

6

-

15

3

11

37

9

5

3

6

5

-

-

-

-

-148

52

1

4

1

22

8

8

-

1

2

1

-

-

-

-

V4-7

-197

21

37

4

-

3

21

11

-

-

3

tr

-

-

-

-

G10-3

+5

19

26

22

-

3

28

-

2

-

-

-

-

-

-

-

G10-4

-25

50

3

9

-

10

18

6

1

2

1

-

-

-

-

-

G10-5

-60

18

32

26

-

5

7

-

4

-

4

4

-

-

-

-

G10-6

-105

40

1

19

1

5

23

4

3

-

4

-

-

-

-

-

G10-7

-135

30

2

25

14

19

2

-

-

7

1

-

-

-

-

D10-1

-75

32

19

12

-

3

7

8

10

-

3

6

-

-

-

-

D10-2

-84

-

-

23

-

27

22

6

13

3

6

-

-

-

-

-

D10-3

-100

14

17

30

-

7

13

6

12

-

1

-

-

-

-

-

D10-4

-120

-

77

9

-

1

4

-

6

-

tr

3

-

-

-

-

D10-5

-140

43

28

6

1

8

12

2

-

-

-

-

-

-

-

-

D10-7

-220

39

3

20

-

5

14

8

-

4

4

3

-

-

-

-

D10-9

-240

42

13

14

-

3

12

8

2

-

4

2

-

-

-

-

R1-2

-97

14

3

24

-

2

38

2

11

-

-

6

-

-

-

-

R2-4

-148

-

-

21

-

12

30

14

11

-

4

8

-

-

-

-

R2-6

-158

10

8

23

-

5

10

30

2

2

8

2

-

-

-

-

R2-7

-163

-

-

35

-

25

5

14

3

8

7

3

-

-

-

-

R2-8

-165

45

5

17

-

10

6

7

-

-

9

1

-

-

-

-

R2-9

-168

12

28

8

1

2

22

23

-

-

3

1

-

-

-

-

R2-10

-178

45

2

17

-

3

12

14

1

2

3

1

-

-

-

-

Ia-1

+420

27

25

-

-

-

-

-

-

-

-

-

-

-

21

27

D = dolomite; C = calcite; Q = quartz; Kf = K-feldspar; P = plagioclase; M = micas (+chlorite+serpentine); T = talc; Ol = olivine; Px = pyroxene;
Am = amphibole; Py = pyrite; Cr = cristobalite; Z = zeolite; Ar = aragonite; Kn = Mg-kutnohorite; tr = traces.

Table 4. Semi-quantitative mineralogical composition (wt.%) by XRD of the <20 μm fraction of selected fine grained cave sediments.
Q

F

M

Ch

T

Am

C

D

N10-4

Sample

-

-

30

48

16

1

-

5

V4-3

-

1

33

46

18

2

-

-

G10-5

8

10

44

19

8

8

3

-

G10-6

4

2

41

37

10

6

-

-

D10-3

7

-

47

38

6

2

-

-

R1-2

-

-

52

41

7

-

-

-

Q = quartz; F = feldspars (Kf+P); M = muscovite (+sericite+illite); Ch = chlorite (+serpentine); T = talc; Am = amphibole; C = calcite;
D = dolomite.
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Fig. 7. Mineralogical variation in the stratigraphic columns. F = feldspars (Kf+P). Other abbreviations as in Table 3.

The faunal composition from both sites comprises
boreal, nemoral, mountain and steppe species
characterizing a rather periglacial environment; the
animals lived under cool and dry conditions, milder
than the typical Alpine conditions, during the last Ice
Age. However, the presence of fossils of Lepus timidus
(mountain hare) in the locality LAC Ia is associated
with the cool phase at the end of the last glacial
period and represents the southernmost record of this
species in Europe (Chatzopoulou et al., 2011). Today
this species retreated northwards inhabiting Ireland
and Scandinavia, while a local population maintained
in the Alpine area as relict subspecies (Kurtén,
1968; Thulin, 2003). Thus, the presence of Lepus
timidus clearly indicates a cold stage of Last Glacial
(Older/Younger Dryas) before the onset of the warm
Holocene Epoch.

DISCUSSION
Channel facies make up the bulk of the clastic
sediments found in cave passages. When seen in
stratigraphic section, they are found to consist of
distinct beds of silts, sands, and gravels. However,

bed lithology changes rapidly along the stratigraphic
section (Bosch & White, 2004). Such sediment facies
and stratigraphic changes have been found in the
Loutra Almopias Cave. Thalweg facies (coarse grained
material from which most of the sand, silt and clay
has been removed) have not been noticed. Slackwater
facies are found in most cave deposits as laminated
fine grained sediments (i.e., clay and silt) overlaying the
channel deposits. This comprises the final layer of all
the stratigraphic sections of the examined cave (Fig. 3).
Abundant carbonate sand-sized grains, pebbles and
cobbles, composed of dolomite and calcite, were found
in the loose sediments in most of the excavated sites.
Their source must be attributed mainly to detrital
contribution from the weathering and erosion of the
surrounding carbonate rocks outside of the cave and
to a much less extent to chemical precipitation in situ.
In general, aragonite is less stable than calcite and at
surface temperatures and pressures it is metastable
and fairly readily inverts to calcite (Deer et al., 2013).
From this point of view, sample Ia-1 is of extreme
interest; its content in aragonite (21%) is indicative
of its recent formation. In addition, the relatively rare
carbonate mineral kutnohorite, isomorphous with
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dolomite, was found for first time in a Greek cave
composing 27% of the sample Ia-1. Siphonial lenses
(pods) of Mg-calcite, siderite, kutnohorite, ankerite
with dispersed pyrite, have been found within the
“ankeritized” marbles of the Lavrion peninsula of Attica
Greece (Marinos & Petrascheck, 1956). In addition,
kutnohorite was found in the gangue minerals of the
disseminated sulfide ore of Madem Lakkos, Chalkidiki
Greece (Nebel et al., 1991). Kutnohorite has been
found in a wide range of environments, including lowtemperature sedimentary rocks, pedogenic nodules
and cave deposits, associated with aragonite and
formed under reducing environments (Cancian &
Princivalle, 1991). Buck et al. (2004) found kutnohorite
with anhydrite and calcite/Mg-calcite under arid
climate. They consider the co-existence of kutnohorite
and calcite/Mg-calcite indicative of fluctuations
in the soil environment with depth, resulted from
seasonal or glacial/interglacial climate change. This
is in accordance with the presence of Lepus timidus in
LAC Ia, a rather psychrophilic species (Chatzopoulou
et al., 2011). Remarkable is the complete absence of
carbonate constituents from samples N10-1, D10-2,
R2-4, and R2-7.
Quartz is present in almost all samples. This is
attributed to its abundance in the surrounding
metamorphic rocks and to its mechanical and
chemical resistance. Especially, the presence of
cristobalite in one sample (N10-1), along with
zeolite, is indicative of clastic contribution from the
weathering of the neighboring volcanic rocks. On the
other hand, plagioclase is present in greater amounts
than K-feldspar, corresponding to a regime of rapid
weathering of the source rocks and deposition near
them (Folk, 1974; Blatt et al., 1980). Plagioclase
predominates in excess to K-feldspar in the
surrounding source rocks. The presence of olivine,
along with pyroxene, talc and serpentine in the floor
sediments of the cave is indicative of a mafic source.
Particularly, talc occurs in low-grade metamorphic
ultrabasic rocks, in hydrothermally altered ultrabasic
rocks and in contact metamorphosed siliceous
dolomites (Deer et al., 2013). In ultrabasic rocks the
talc is usually accompanied by serpentine and olivine,
whereas in siliceous dolomites it is accompanied by
tremolite, chlorite, magnesite, dolomite and quartz.
Talc also is the result of weathering of ultrabasic rocks
(i.e., alteration of clinopyroxenes), leading to the final
assemblage serpentine+talc+spinel (Velde, 1985). In
the area surrounding the cave, ultrabasic rocks and
talc schists outcrop, leading to a mixed source for the
detrital talc found in the samples. Chlorite is largely
unstable in most weathering environments and its
presence in sediments, as it happens in the cave
studied, is certainly detrital in origin (Velde, 1985).
Amphibole (tremolite) and pyroxene are found in
most of the samples in minor amounts. In general,
amphibole is more abundant than pyroxene. These
minerals are indicative of a metamorphic source and
belong to the metastable group of heavy minerals
(Folk, 1974). Metamorphic rocks rich in such minerals
predominate in the surrounding area. Although these
ferromagnesian minerals are very susceptible to
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weathering, their presence means inadequate time
and distance for physical sorting, mechanical abrasion
and dissolution (Morton & Hallsworth, 1999). This
conclusion is enhanced by the extensive presence of
tiny non-oxidized crystals of pyrite in most of the cave
sediments. These pyrite crystals are largely due to the
weathering of the adjacent phyllites.
The samples must be mineralogically immature.
Beyond their high content in quartz, feldspars and
carbonates, they extensively contain the ferromagnesian
minerals amphibole (tremolite), pyroxene and olivine
(forsterite). The feldspars and heavy mineral content
strengthen the hypothesis of deposition mostly under
the action of physical weathering (Suttner & Dutta,
1986). In addition, the presence of unstable minerals
(i.e., pyroxene, plagioclase) along with semi-stable
ones (i.e., amphibole, orthoclase) indicates the absence
of chemical weathering (Garzanti et al., 2004). The
absence of kaolinite along with the extensive presence
of primary minerals, mean no intense weathering
(Folk, 1974). Furthermore, the previous observations
designate weathering of the source rocks under a
tectonically active regime (Boggs, 2009).
In northern Greece glacial deposits have been
recorded on the Mountain Range of Pindus (Mount
Smolikas), on Mount Olympus, and on Mount Voras
(Hughes et al., 2006; Smith et al., 2006; Bathrellos
et al., 2014, 2017). The studied cave is located at
the eastern slopes of Mount Voras (2,524 m), the 3rd
highest and the northernmost in Greece. Bathrellos et
al. (2017) have found four inactive cirques of limestone
lithology at the eastern slope of Mount Voras. The
depositional environment of the cave sediments
analyzed from chamber N10 is mostly fluvial as it
is shown in Fig. 6. One sample may be considered
glacial deposit. We strongly believe that more samples
of glacial origin exist it other chambers. This finding
means that colder climatic conditions prevailed
during the Upper Pleistocene in the area in relation to
modern time. Late Pleistocene bear bones studied by
carbon and oxygen isotope analysis for paleoclimatic
reconstruction led to the same conclusion (Zisi et
al., 2010).
Sediment erosion inside the cave may have
happened during episodes of flush flooding, which
occurred in intermediate climatic conditions, not wet
enough to favor speleothems formation and not too
dry to allow slope erosion and sediment transport into
the cave (Auler et al., 2009). Due to the low rate of
Mount Voras denudation, cave passages will remain
within the range of sediment infill and erosion for a
much longer time, probably more than one glacial–
interglacial cycle.
The great variation in the mineral content of the
stratigraphic columns (Fig.7) is indicative of variations
in the clastic load transported and deposited inside the
cave. Both primary and accessory mineral content is
variable. According to Blatt et al. (1980) such mineral
assemblages are indicative of their source. The gravelsized detritus of various lithologies found in the cave
sediments demonstrates episodes of a higher-energy
environment and vicinity of this detritus to the source
area (Reineck & Singh, 1986).
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The extensive presence of siliciclastic minerals in all
columns and in all beds, demonstrates that the detrital
supply from the weathering of the surrounding rocks
of various mineralogical composition was happening
with aperiodic hiatuses.
One sample shows that the detritus at least in one
unconformably lain bed has a glacial origin (N10-8).
This sample and Ia-1 record two different cold stages
of Upper Pleistocene; N10-8 was laid before 42,500 BP
and Ia-1 accumulated between 14,500 BP and 13,000
BP (Chatzopoulou et al., 2011).

CONCLUSIONS
The floor sediments of Loutra Almopias Cave
are composed of poorly sorted sand-sized grains,
pebbles and cobbles mainly of dolomitic and
calcitic composition and mud in most of them,
designating these sediments as texturally submature.
Furthermore, they are mineralogically immature
due to the extensive presence of the ferromagnesian
minerals amphibole (tremolite), pyroxene and olivine
(forsterite), beyond their high content in quartz,
feldspars and carbonates.
The presence of quartz, feldspars, micas, talc,
forsterite, pyroxene and tremolite means that the
phyllites, gneisses, schists, ophiolitic rocks and the
clastic Mariam Formation of the Almopia Zone, along
with the flysch of the neighboring Pelagonian Zone,
are the main detrital load source. The extensive
presence of calcite and dolomite grains also designates
the carbonate rocks of the Almopia and Pelagonian
Zones as primary sources. The absolute absence of
aragonite (except sample Ia-1) in the floor sediments
means that the carbonate constituents present are
primarily of detrital origin. The presence of minor
amounts of calcite of chemical origin can not be
excluded. Kutnohorite is found for first time in a Greek
cave. The scarce presence of zeolite and cristobalite,
demonstrates minor contribution of detrital load from
the surrounding volcanic rocks.
All these findings lead to the conclusion of a mixed
provenance for the sediments of the Loutra Almopias
Cave. They are constituted mainly of the weathering
detritus from the Alpine metamorphic basement
outcropping N-NE (with metamorphic rocks rich
in quartz, plagioclase, micas and ferromagnesian
minerals) and the carbonate rocks outcropping NW-W
of the cave area. Detritus from flysch was added,
too. The acid volcanic rocks outcropping in the
surrounding area, have contributed clastic load to a
lesser extent.
The sediments were deposited near their source,
after rapid weathering and erosion of the source
rocks, under a tectonically active regime. The
extensive presence of pebbles and cobbles in some
beds demonstrates episodes of intense hydraulic
conditions. The great variation in the mineral content
of the stratigraphic columns is indicative of variations
in the clastic load, due to the different weathering
intensity periods.
Fossils of Lepus timidus (mountain hare) found in
the locality LAC Ia represent the southernmost record

of this species in Europe. Its presence signifies a cool
phase at the end of the last glacial period before the
onset of the warm Holocene Epoch.
The deposited detritus on the floor of the different
cave chambers is mostly fluvial in origin. However,
one sample shows that the detritus at least in one
unconformably lain bed has a glacial origin. This
study enhances other results that colder climatic
conditions prevailed during Upper Pleistocene in the
adjacent to the cave region in relation to modern time.
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Abstract:

Keywords:

The artificial lighting of caves adapted for touristic visits, leads to the appearance and
propagation of a complex community of phototrophic organisms known as “lampenflora”.
Formed mainly by algae and cyanobacteria, they produce the degradation of the colonized
substrates and decrease the show value of the caves. This phenomenon became famous
worldwide in the 1960s due to the damage caused to the paintings in the Lascaux Cave
(France). Since then it has become an issue of serious concern to both managers of show caves
and to the international scientific community. Over time, the problem has been approached
following two complementary strategies: preventing colonization by the invading organisms or
eliminating them once they have become established through the use of chemical products,
mainly biocides and strong oxidants. This kind of treatment generates pollutant effluents that
can move the problem from the walls of the caves to the groundwater. This paper presents
a critical literature review of the problem and the proposed solutions, and emphasizes the
need for further study of the optimal doses of treatment chemicals and to develop quantitative
methods to determine their effectiveness.
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INTRODUCTION
Since prehistoric times, our ancestors have forged
a special link with caves. They were initially used
mainly for practical purposes as a temporary refuge or
as spaces for permanent habitation, a source of water
and certain minerals and even as places of worship
and necropolises. Evidence of this early presence can
be seen in the human remains found in numerous
caves from the lower Pleistocene era through to the
present day. Cave paintings are a special example
of humans’ close relationship with caves, of which
some of the most spectacular are emblematic sites
such as the Lascaux Cave and the Altamira Cave
(Spain). Due to their outstanding natural and cultural
importance, these caves, along with several dozen
more such as the Las Manos Cave (Argentina), the
Škocjan Caves (Slovenia) and the Mammoth Cave
National Park (Kentucky, USA), are included on the
list of World Heritage sites compiled by the UNESCO
(United Nations Educational, Scientific and Cultural
Organization).
*l.moreno@igme.es

In later centuries and until the present day, most
caves have ceased to serve these functions; however,
due to the natural beauty of their geological formations
and their historic and cultural content, they have
become a potent tourist attraction. In some cases,
they also constitute a notable scientific resource, as
many contain paleoenvironmental information and
highly valuable geological records, such as is the
case of the Nerja Cave (Spain) (Carrasco, 1993; Jordá
Pardo et al., 2011).
Visiting caves is thought to be one of the oldest
tourist experiences (Mulec & Kosi, 2009). The concept
of show cave (Cigna & Forti, 2013) can be defined as
“any cavity where a fee is paid to gain access and visit
it” originates in the early 17th century in the Vilenica
Cave (Slovenia), recognized since 1633 as the first
show cave in the world; currently, practically every
country in the world has at least one show cave.
It is estimated that there are around 500 large
show caves worldwide with over 250 million visitors a
year. If we include all the related activities (transport,
accommodation, etc.), some 100 million people derive
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.

250

Baquedano Estevez et al.

a direct or indirect income from this activity. Caves
also provide income from speleotourism, religious
tourism and even healthcare (Cigna & Forti, 2013).
The increase in these practices means this type of
tourism has become an important economic resource
which in certain areas represents the main source of
income for its inhabitants (Cigna & Burri, 2000; Bočić
et al., 2006; Garofano & Govoni, 2012).
For centuries, what is known as “underground
tourism” was done in a very rudimentary way using
torches or oil lamps as a source of illumination. Over
time, some caves fashioned an artificial entrance from
the outside, marked out a safer route on their interior,
and gradually incorporated lighting equipment.
Although these actions enhanced the observation
and enjoyment of the caves, it also represented a very
significant modification of the natural environmental
conditions (Hoyos et al., 1998; Gillieson, 2011), casting
light on areas that had remained in total darkness for
millennia, increasing the environmental temperature
and decreasing the relative humidity in their interior,
as occurred for example in the Las Maravillas Cave
(Spain) (Pulido-Bosch et al., 1997).
The degree of anthropic alteration of a show cave
varies depending on the actions undertaken and
the type of tourism practised (del Rosal, 2015). The
impacts tend to be greater in caves adapted for
general tourism than in caves adapted exclusively
for scientific activity or the practice of speleotourism,
with limited groups of participants who only require
a speleological installation and a minimal portable
lighting system.
The first caves equipped with electric lighting (Mulec
& Glažar, 2011) were the Luray Caverns (Virginia,
USA) in 1881, followed by Kraushöhle (Austria) in
1883 and the Postojna Cave (Slovenia) in 1884. It was
soon observed that the gradual installation of sources
of artificial lighting inside the caves promoted the
development and proliferation of a complex community
of phototrophic organisms near the lamps. According to
Cigna (2011a), this phenomenon was initially studied
by Austrian (Kyrle, 1923; Morton & Gams, 1925) and
French (De Virville, 1928) scientists; and it was not until

the 1960s when Dobat (1963, 1969) first introduced
the word “lampenflora” (originally a German term
coined in the English vocabulary) meaning “the flora of
the lamps”. This term is currently used internationally
to identify this phenomenon, although it is also known
as “mal verde” in Spanish or “maladie verte” in French
(Lefèvre, 1974).
The issue of lampenflora is occasionally overlooked
in show caves, where economic interests sometimes
take precedence over conservation (Saiz-Jiménez,
2012). In certain caves (Mulec & Glažar, 2011; Trinh
& García, 2013) the lampenflora is even displayed
to visitors in a somewhat irresponsible way, when
it is highlighted as a tourist attraction without the
managers considering its removal, as is the case for
example in Natural Bridge Caverns (Texas, USA) or in
the karstic caves of the bay of Ha Long (Vietnam).
However, lampenflora poses a serious problem, as it
constitutes an invasive and opportunistic community
in anthropized underground environments. This is
because, with the exception of the cave entrance, these
organisms use artificial light to develop and therefore
grow in places where they would not occur naturally
(Mulec, 2012). In addition, the new inhabitants of the
caves that have developed thanks to artificial lighting
compete successfully to occupy this ecological niche.
The problem is aggravated in many caves, because
the sites of greatest interest to tourists (cave paintings
or high-value geological formations) tend to be better
illuminated than the rest of the cave. This increases
its attractiveness to the public, but means these areas
are more likely to be colonized by lampenflora.
In recent decades numerous works have been
published on lampenflora communities in the
international scientific literature, and on the methods
that have been used to prevent and control their growth
in caves. This work is a review of the state of the art
in the methods of lampenflora control and their pros
and cons. Figure 1 shows a map of the locations of the
caves mentioned in this work and offers an overview
of their geographic distribution. Table 1 contains a list
of the caves mentioned, and a brief summary of some
of their most important features.

Fig. 1. Geographic distribution of the caves mentioned in this work. Numbers represent the caves in Table 1.
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Table 1. Caves mentioned in this work and a brief summary of their most important characteristics.
Name

Country

1

Tito Bustillo Cave

Spain

2

Altamira Cave

Spain

3

Castañar de Ibor
Cave

Spain

4

Las Maravillas Cave

Spain

5

Zuheros Cave

Spain

6

El Tesoro Cave

Spain

7

Nerja Cave

Spain

8

Las Ventanas Cave

Spain

9

Gelada Cave

Spain

10

Ortigosa
de Cameros Caves

Spain

11

Collbató Cave

Spain

12

Lascaux Cave

France

13

Moidons Cave

France

14

Crypt of the
Original Sin

Italy

15

Frasassi Caves

Italy

16

Grotta Gigante

Italy

17

Vilenica Cave

Slovenia

18

Škocjan Caves

Slovenia

19

Sezana Hospital

Slovenia

Characteristics
Cave with prehistoric paintings included on UNESCO’s World Heritage list since 2008 in
the category of “Palaeolithic rock art of northern Spain”. The development of lampenflora
posed a serious problem and led to the closure of cave.
Declared a World Heritage site by the UNESCO in 1985, it contains one of the
most extraordinary manifestations of Palaeolithic art in the world. The growth of
photosynthetic microorganisms led to the closure of the cave in 2002.
Located in the Villuercas-Ibores-Jara Geopark, this is a karstic cave whose importance
and uniqueness derives from the fact that it is excavated out of Precambrian materials
(540 Ma) and contains some spectacular speleothems. It has high radioactivity (radon).
Since 2008, due to a fungal outbreak, access is limited to small groups of visitors
wearing protective suits with hand-held or helmet-mounted torches.
Cave developed on limestone and marble from the Cambrian period (over 500 million
years old). It is located within the urban layout of Aracena (Huelva) and has been
declared a Property of Cultural Interest. It contains karst formations of extraordinary
beauty. The development of lampenflora communities has been controlled using
hypochlorite.
Also known as the Los Murciélagos cave. It is known for its archaeological excavations,
and has been declared a Property of Cultural Interest and a Natural Monument. Studies
have recently been done on the diversity and structure of its biofilm communities.
The only cave of underwater origin known in Europe. Of major scientific, historic and
cultural interest: it is the site of discoveries of rock paintings and stone and ceramic
remains from the Neolithic era. Declared a Property of Cultural Interest. Comparative
studies have been done in this cave between hydrogen peroxide and sodium
hypochlorite for the elimination of lampenflora. Liquid nitrogen has also been used and
LED lighting has been installed (590 nm).
Declared a Property of Cultural Interest, it has 589 rock paintings dating from the
upper Palaeolithic era. This is one of the most visited caves in Spain. Studies have been
done on the emission spectrum of photosynthetic organisms, identifying their pigments
and the least favourable range of wavelengths for their development. A new lighting
system has been designed on this basis. Experiments have also been done to eliminate
lampenflora with calcium hypochlorite.
Declared a National Monument, camouflage methods have been used here to conceal the
lampenflora communities.
Located in the Serra Gelada nature reserve, it was corroborated in this cave that the
main stress factor for biofilms was the lack of light, followed by moisture deficit, lack of
nutrients and temperature variations.
Comprising the La Paz and La Viña caves, they have been the site of studies aimed at
increasing the threshold concentration of hydrogen peroxide necessary to eliminate the
lampenflora communities.
Also called the Montserrat Caves, they served as the inspiration for the artist Antoni
Gaudí when he designed the Sagrada Familia basilica (Barcelona). Studies have recently
been done on the diversity and structure of their biofilm communities.
Declared a UNESCO World Heritage site in 1979, this is one of the most important
manifestations of Palaeolithic and cave art, and contains magnificent prehistoric
depictions, including almost 1,500 etchings and 600 Palaeolithic paintings. This
cave has suffered successive biological crises, leading to irreversible change in its
ecological conditions and the discontinuation of tourist activity. It was the first cave in
which a complex study was undertaken on the biodeterioration processes caused by
photosynthetic microorganisms on its interior, and specifically on the cave paintings.
Located in the Jura massif, this cave has combined tourist activity with the assessment
and practical application of a germicidal treatment with UV-C radiation applied to
different types of biofilms.
A series of paleo-Christian Byzantine frescoes dating from the 9th century and located
in the municipality of Mater. They represent different biblical scenes, particularly
corresponding to the Creation. Affected by communities of phototrophic microorganisms,
this is an example of the poor use of biocides to treat these communities: although
these products eliminated the microorganisms, the colorimetric analyses also revealed
changes in the colour of the substrate after treatment.
Network of karstic caves located in the Gola della Rossae di Frasassi Nature Reserve.
They constitute one of the most important speleological sites in all Italy. These caves
were the site of one of the earliest tests to assess the corrosive action of sodium
hypochlorite.
Inaugurated in 1908, this is the largest show cave in the world. UV-C radiation is used
here to limit and control the proliferation of photosynthetic microorganisms.
Its importance is not due to its geological or archaeological worth, but to the fact that
since 1633 it has been recognised as the most important show cave in the world.
Included on the UNESCO’s World Heritage list since 1986, this group of limestone caves
in the Kras region is one of the best places in the world to study karstic phenomena.
Healthcare facility with caves that are used as a speleotherapy centre for the treatment
of patients with pulmonary ailments. It uses dispersed lighting that hinders the
development of lampenflora communities.
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20

Postojna Cave

21

Kraushöhle

22

Moravian Karst
Caves

23

Katerinska Cave

24

Javoříčko Cave

25

Aggtelek or Baradla
Cave

26

Alistrati Cave

27

Ali-Sadr Cave

28

Cango Caves (South
Africa)

29

Ha Long Bay Cave

30

Jenolan Caves

31

Waitomo Cave

32

Ruakuri Cave

33

Oregon Caves
National Monument

34

Carlsbad Caves
National Park

35

Natural Bridge
Caverns

36

Mammoth Cave
National Park

37

Luray Caverns

38

Las Manos Cave

This is the largest cave in the Kras region, in addition to one of the most visited caves
in Europe. This was the third cave to be equipped with permanent electrical lighting, in
1884. Hydrogen peroxide is used to eliminate the lampenflora communities.
This cave is unique in Europe due to its speleothems with a sulphuric origin. Its
Austria
importance also lies in the fact that it was the second cave equipped with permanent
electric lighting, in 1883.
The Moravian Karst is a protected nature reserve of 92 km2 which includes over 1,100
Czech
caves, 14 of which are adapted for tourist use. Sodium hypochlorite is used to eliminate
Republic
biofilms.
Czech
Part of the Moravian Karst, it was one of the first caves in which hydrogen peroxide was
Republic
used to eliminate the problem of lampenflora.
Underground system comprising a labyrinth of galleries and chasms that remained
Czech
undiscovered until 1938. Dead bats were found after treatment with sodium
Republic
hypochlorite.
Included on the UNESCO’s list of World Heritage sites since 1995, it is the largest
stalactite cave in Europe. Since they were adapted in 1920 as a tourist attraction,
Hungary
the lampenflora communities have spread quite fast, and there are now focuses of
colonisation distant from the illuminated areas.
In this cave, low-pressure sodium vapour lamps were not effective in preventing the
Greece
development of lampenflora.
This is the largest aquatic cave in the world, and attracts millions of visitors each year.
Iran
Studies have been done to increase the threshold concentration of hydrogen peroxide
necessary to eliminate the lampenflora communities.
These are among the most important show caves on the African continent and attract
numerous local and foreign visitors. They contain an extensive system of tunnels and
South Africa
chambers with a length of over 4 km. Hydrogen peroxide combined with UV-C radiation
has been used to eliminate the lampenflora communities. The use of green light was also
suggested (around 530 nm) to limit their growth.
Its karst formations and islands were declared a UNESCO World Heritage site in 1994,
Vietnam
and since 2011 it has been known as one of the seven natural wonders of the world. The
lampenflora growing in its formations is presented to visitors as a tourist attraction.
They are located in the Blue Mountain region, and were declared a World Heritage site
by the UNESCO in 2000. In the 1980s, as in many caves, pressurised water was used
to clean speleothems covered by algae. This area was the venue for the 7th International
Australia
ISCA Congress in November 2014, where the management document entitled
“Recommended International Guidelines for the Development and Management of Show
Caves” was agreed.
Cave colonised by bioluminescent insects, where several experiments have been done
New Zealand
to control the lampenflora communities: use of steam or hot water at low pressures,
instead of cold water at high pressures, calcium hypochlorite and ultraviolet lamps.
Near the Waitomo Caves, tests using calcium hypochlorite were also done in the late
New Zealand
1970s to control the lampenflora communities.
Cave developed on marble and declared a National Monument. Exhaustive studies have
Oregon, USA
been carried out on the composition of the lampenflora communities, and over 100
species have been identified.
Group of caves declared a UNESCO World Heritage site in 1995. This national park
comprises 83 independent caves that emerged around 250 million years ago and attract
New Mexico,
hundreds of tourists and potholers. Exhaustive studies have been carried out
USA
on the composition of the lampenflora communities, and a total of 200 species
have been identified.
Declared a United States National Natural Landmark, the lampenflora in these caves is
Texas, USA
considered a tourist attraction, and its managers do not contemplate its removal.
Declared a national park in 1941, a UNESCO World Heritage site in 1981 and a
biosphere reserve in 1990. This is the longest known cave system in the world. It was
Kentucky,
successfully demonstrated that the development of lampenflora could be controlled
USA
through the use of LED illumination. An emission range of 595 nm (yellow) was used,
preventing its growth for 1 1/2 years after its installation.
A UNESCO World Heritage site since 1973, this is the fourth largest cave in the United
Virginia, USA
States and the first with permanent electrical lighting, installed in 1881.
This is one of the few archaeological sites in the Argentinian part of Patagonia and
Argentina
among the most beautiful and oldest artistic expressions of the South American peoples.
It was declared a UNESCO World Heritage site in 1999.
Slovenia

General characteristics of lampenflora
The composition of lampenflora communities and
their eco-physiological characteristics have been the
subject of numerous studies. This section summarizes
the main concepts in regard to these organisms.
Cyanobacteria, together with green (Chlorophyta)
and golden (Chrysophyta) algae are the most
common microorganisms identified in lampenflora
communities (Padisàk et al., 1984; Hoffman, 1989;

Rajczy, 1989; Mulec, 2012), but their abundance
varies from one cave to another. For example, Aley
(2004) compares the composition of two different
lampenflora communities in the Carlsbad Caverns
National Park in New Mexico and the Oregon Caves
National Monument, both in the United States. In the
first, out of a total of 200 species, it was estimated
that 70% of the community were cyanobacteria and
20% green algae; the abundance percentages were
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similar in the second, as out of a total of 100 species
identified, 40% were cyanobacteria and 35% green
algae. Golden algae were also present, but in very
small percentages.
In a subsequent work, Mulec et al. (2008) identified
60 algae and cyanobacteria taxa colonising eight
underground environments (six caves and two mines)
in the karst region in Slovenia. Cyanobacteria were
the most abundant (47%), followed by green (30%)
and golden algae (23%). The cyanobacteria were
represented mainly by the species Aphanocapsa
muscicola, Lyngbya sp. and Synechocystis sp. In
regard to algae, the authors found mainly the genera
and species Chlorocloster sp. and Navicula mutica –
golden algae– and Chlorella sp., Stichococcus bacillaris
and Trentepohlia aurea – green algae.
In a more recent work, Mulec and Kosi (2009) showed
that the most common communities of photosynthetic
microorganisms in European caves are cyanobacteria
(around 50% of the total), green and golden
algae, the most common species are Aphanothece
castagnei, Gloeocapsa sanguínea (cyanobacteria) and
Stichococcus bacillaris (green algae). Other studies
have reported the presence of Chlorella green algae
genera in lampenflora communities in various caves
around the world (Grobbelaar, 2000; Nugari et al.,
2009; Urzi et al., 2010; Cennamo et al., 2012; Mulec,
2012).
Although this group of algae may live independently
in nature, most of the microorganisms tend to form
multicellular communities known as “biofilms”.
Nikolaev and Plakunov (2007) state that between 95%
and 99% of microorganisms in natural environments
live in the form of biofilms which represent a privileged
lifestyle for most microorganisms (Ragon, 2011).
Although the diversity of the lampenflora
communities inside the caves is poor in comparison
with those growing naturally at the entrances (Mulec,
2012), biofilms may constitute complex biocoenoses,
in which cyanobacteria and algae coexist with bacteria,
fungi and yeasts (Cooksey, 1992; Jones, 1995; Jurado
et al., 2010). Kumar and Anand (1998) determined
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that the biofilms with the greatest diversity are the
most resistant to unfavorable external conditions.
Chemically, biofilms are composed mainly of water
(~70-90%), organisms with a diverse metabolism
and a hydrated matrix of extracellular polymeric
substances (EPS) that they themselves segregate,
composed of polysaccharides, lipopolysaccharides,
proteins, glycoproteins, lipids, glycolipids, fatty acids
and enzymes (Flemming, 1993; Warscheid & Braams,
2000).
This matrix confers a series of advantages that favour
the survival of the community in hostile environments,
increasing the resistance of its members to external
agents or other organisms. Some of these benefits are:
greater protection against sources of environmental
stress (desiccation processes or exposure to UV rays,
heavy metals and atmospheric contaminants), greater
water retention and enhanced concentration and
circulation of nutrients within the biofilm (Lawrence
et al., 1991; Costerton et al., 1999; Watnick & Kolter,
2000; De Philippis et al., 2001; Roldán & HernándezMariné, 2009; Ragon, 2011). It has also been
demonstrated that these single-cell microorganisms
use a method of intracellular communication through
chemical signals known as “quorum sensing”,
which allows them to act in a coordinated way as
multicellular organisms (Davies et al., 1998; Sharif et
al., 2008; Annous et al., 2009).
Although at first sight the microscopic community
that comprises the lampenflora (cyanobacteria and
algae) (Fig. 2) appears to be static, this is not the case.
The species’ successional process is fairly dynamic,
and early colonisers tend to grow rapidly before
being slowly displaced by more persistent organisms
(Mulec, 2012).
Although algae and cyanobacteria are the most
common photosynthetic organisms identified in
caves, other elements that may also form part of
the lampenflora communities include mosses,
lichens, and sometimes even ferns and higher plants
(Merdenisianos, 2005; Cigna, 2011a). In the early
phases of colonization, cyanobacteria and eukaryotic

Fig. 2. Diagram of the evolution and development of biofilms in show caves (based on Di Martino, 2016).
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algae tend to play the most important role in the
processes of forming the biofilm and are considered
pioneering species in the ecological succession (Aleya,
1991; Gaylarde & Gaylarde, 2000; Whitton & Potts,
2000; Mulec et al., 2008). Subsequently, mosses
and ferns develop, and the final successional phase
may also include vascular plants, although almost
always in the form of germinating shoots (Martincic
et al., 1981).
The presence of cyanobacteria in lampenflora
communities is very important from a metabolic point
of view. These are the photosynthetic microorganisms
that evolve most successfully in illuminated
underground environments; they require no organic
matter and are capable of absorbing a wide spectrum
of light radiation thanks to the presence of accessory
pigments (del Rosal et al., 2012). These qualities
confer a significant advantage for the colonisation of
new areas (Aleya et al., 1994; Herrera et al., 2004).
Thanks to their photosynthetic capacity and their
nitrogen and CO2 fixing function, biofilms induce
the growth of mosses and ferns in the area around
them, which benefit from environments enriched in
organic matter and nutrients, in turn promoting the
proliferation of certain heterotrophic microorganisms
(Caneva et al., 2008; Scheerer et al., 2009). This last
group of microorganisms is formed by bacteria and
fungi (de la Torre et al., 1991; Singh et al., 2008;
Dakal & Cameotra, 2012) and tends to be located in
areas with an accumulation of organic matter such
as animal excrement or detrital sediments dragged by
water into the cave interior (Humpreys, 1991; Bottrell,
1996; Simon, 2012; Jurado & Saiz-Jiménez, 2016).
Other elements of an organic nature that serve as a
source of nutrients are the fluff and other detritus
(hairs, dry skin, dust from shoes) introduced by
visitors in the case of caves adapted for tourism (Aley,
2004; Cigna, 2012; Mulec, 2012).
Of all the microorganisms present in a cave, Porca
et al. (2011) consider that fungi are to a large extent
the cause of greatest concern due to their high rate
of production of spores and dispersion in the air. It
has also been demonstrated that certain species of
arthropods can not only transport fungal spores,
but that many of these fungi are parasites on certain
groups of insects, and ultimately kill the host and use
their body to produce spores and colonise any type
of organic matter present in the cave (Jurado & SaizJiménez, 2016).
Unlike plants, fungi do not require light to grow and
can be found in areas of half-light or total darkness
in the caves (Aley, 1972) at some distance from the
point of artificial light. However, it is only in show
caves that autotrophic plants produce organic matter
in a sufficient concentration to allow significant
development of fungal populations (Johnson, 1979).
One of the best-known cases is that of the Lascaux Cave,
where the development of the alga Bracteacoccus minor
as a result of the presence of artificial light (Lefèvre,
1974) and the subsequent massive colonisation by
the fungus Fusarium solani marked the start of a
succession of biological crises in the cave, leading to an
irreversible change in its ecological conditions and the

discontinuation of tourist activity (Bastian et al., 2010;
Martín-Sánchez, 2012).
Environmental factors conditioning the presence
and development of lampenflora
The microorganisms that form the lampenflora
communities access the inside of the cave thanks to
the mobility of the microorganisms themselves, or are
accidentally dragged in by air currents, water flows,
gravitational sedimentation through cracks and small
cavities in the rock, or by the transit of cave fauna
and visitors (Dobat, 1970; Vegh, 1989; Cigna, 2012;
Mulec, 2012; del Rosal, 2015).
One important factor in the propagation of
lampenflora is local air currents caused by the
warm air generated near more powerful lamps, and
particularly halogen lamps (500-1000 W) (Vegh, 1989).
The growth of lampenflora has even been observed at
distances of over 10 m when using lamps of this kind
(Mulec, 2012).
Some of these factors, such as water seepage, air
currents or the presence of animal and organic matter
from the outside (or more generally, mass and energy
flows) will in turn depend on the level of energy in
the cave (Borderie et al., 2014a). Heaton (1986)
introduced the concept of energy in caves, a cave
that maintains high energy relations with the outside
will therefore in principle be more susceptible to
colonization by exogenous microorganisms, including
lampenflora communities. High-energy show caves
will be relatively unaffected by tourist activity,
whereas caves with moderate and low energy levels
are more vulnerable to anthropogenic perturbations
(Grobbelaar 2000).
One of the most widespread procedures in show
caves to maintaining any additional energy levels
as low as possible is to limit the number of visitors
based on what is known as their “carrying capacity”
(Hoyos et al., 1998; Cigna, 2011b). Carrying capacity
is defined as the maximum number of acceptable
visitors per unit of time that can be borne by a certain
ecosystem (in this case underground environments)
without causing permanent modification of its most
important environmental parameters. This is done by
reducing the number of people or the time they spend
inside the cave. Merdenisianos (2005) and Cigna
(2011b) also propose the installation of double doors
and air curtains at the cave entrance, with the aim of
protecting the cave from changes in the microclimatic
conditions, avoiding air flows into the interior and
reducing the dirt deposited by the visitors. During visits
to highly unique caves with high levels of protection,
Jurado and Saiz-Jiménez (2016) recommend wearing
protective clothing and footwear, gloves and masks
to prevent inhaling the microorganisms present in
the air and depositing residues from the exterior.
For example, these measures have been actively
implemented in the Castañar de Ibor and Altamira
caves, both in Spain.
Once the access to the cave has occurred, the
microorganisms adhere to the rock through several
different mechanisms (Hernández-Mariné & Roldán,
2005; Bellezza et al., 2006; Karsten et al., 2007) and
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and their erect growth pattern, is limited to areas
of clay, moist mud or slightly porous limestone
substrates. Mosses, which require a large amount
of moistures, are also found in mud, in areas of
clay and in porous limestone substrates with
a constant supply of groundwater. In contrast,
algae are capable of supporting much wider
fluctuations in available moisture than mosses
and ferns, and can develop in practically any
illuminated substrate.
Finally, and in regard to the type of materials,
the presence of significant amounts of carbonate
and/or mineral compounds like feldspars, clays
and iron minerals means these substrates are
particularly susceptible to the development of
microorganisms (Warscheid & Braams, 2000).
Artificial stone like bricks and mortar (which can
be found inside caves that have been adapted for
visitors) are also highly susceptible to microbial
attack.
b) Environmental conditions. The light input,
together with the availability of adequate levels
of moisture, temperature and nutrients, are
the most important environmental factors
conditioning the presence and distribution of
photosynthetic microorganisms in underground
environments (Cigna, 2011a). Table 2
summarizes the environmental factors that
condition the presence of lampenflora described
in the preceding paragraphs.

may remain on the exterior of the substrate (epilytic)
or penetrate into it (endolytic); the latter may in turn
be located in pores and cavities (cryptoendolytic) or in
cracks (chasmoendolytic) (Golubic, 1981).
The colonization of the different parts of the cave
depends on several factors, of which the main ones are
the bioreceptivity of the substrate and the environment,
and the conditions of the underground medium
(lighting, moisture, nutrients, and temperature).
a) The bioreceptivity of the substrate defines its
potential to be colonized by different microorganisms
(Guillitte, 1995; Miller et al., 2009).
Based on texture, Gillieson (1996) determined
that smooth substrates generally had a lower
colonization by photosynthetic microorganisms
compared to rough substrates. Warscheid and
Braams (2000) emphasize the porosity of the
substrate, and report that materials with large
pores, due to their short water retention times,
promote only temporary microbial contamination,
whereas small pores retain moisture for longer
and offer greater protection.
Another important factor affecting the growth
of lampenflora is the presence of sediment in
the substrate (Martincic et al., 1981; Chang &
Chang-Schneider, 1991; Aley, 2004). Examples
include the observations made by Johnson
(1979) of discrete lampenflora populations in
the Waitomo Caves (New Zealand). The presence
of ferns, due to their very extensive root system
Table 2. Environmental factors that influenced the presence of lampenflora.
Factor

Description
Substrates with a rough texture and small pores.

Bioreceptivity of the substrate

Presence of sediments.
Materials formed by carbonate compounds, minerals susceptible to meteorological elements
and/or artificial stone.
The process of photosynthesis is enhanced at wavelengths in
the following intervals: 430-490 nm (blue light) and 640-690 nm
(red light).

Wavelength

Lighting
Duration and degree of
intensity

The thickness and diversity of the biofilms decreases when the
intensity of light is less than 10 to 50 lux in algae, 50 to 180 lux in
mosses and 250 lux in ferns.
Lampenflora communities can survive with much lower levels of
lighting than described previously, and even in total darkness for long
periods of time.

The development of lampenflora is generally limited to humid environments and wet surfaces.
Humidity
Environmental
conditions of the
underground
environment

Duration of dry periods and number of humid periods.
Algae are capable of withstanding much greater fluctuations in the available moisture than
mosses and ferns, and some species may even recover their metabolic activity after prolonged
periods of desiccation.
Obtained primarily from groundwater seeping into the cave interior.

Nutrients

Secondary sources, excrement of the animals inhabiting the cave, detrital and clayey
sediments dragged by water into the interior or residues introduced by visitors during
tourist visits (fluff, dust, hair).
The high levels of CO2, generated by visitors contribute to the increase in photosynthetic capacity.
Within the actual lampenflora population, there is also a cycle of nutrient utilisation, release
and re-utilisation by autotrophic and heterotrophic organisms.

Temperature

The microorganisms are arranged according to temperature: extremely powerful illumination
restricts the growth of lampenflora in the area around the artificial lighting point as a result
of excess heat.
However, lampenflora communities may continue growing in areas further away from the lamps.
In comparison with the exterior, the temperatures in the underground environment
are more uniform.
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Lighting
Three aspects of the lighting must be considered:
intensity, duration, and wavelength, as the three
influence the type of development of photosynthetic
biofilms.
Chlorophyll (types A and B) has two absorption
peaks in the wavelength intervals of 430-490 nm
(blue light) and 640-690 nm (red light), and these
wavelengths are more of a hazard for the proliferation
of lampenflora (Bickford & Dunn, 1972; Caumartin,
1994; Olson, 2006; Cigna, 2011a). That is, if the
lighting system used in a show cave contains these
emission ranges, the process of photosynthesis will
be enhanced.
Cyanobacteria, in addition to chlorophyll,
possess phycobilins (phycoeritrin, phycocyanin and
allophycocianin), accessory pigments that expand the
absorption spectrum of the primary pigments and act
as a system of protection against high light radiation
(del Rosal, 2015).
In studies on the diversity and structure of the
biofilms in several Spanish caves (Zuheros Cave, Nerja
Cave and Collbató Cave), Roldán and HernándezMariné (2009) observed that the thickness and
diversity of the biofilms decreases if the intensity
of the light also decreases. In fact, the availability
of photosynthetic radiation was the parameter that
determined whether the microorganisms forming a
biofilm were predominantly photosynthetic (algae
and cyanobacteria) or heterotrophic (fungi and
bacteria). Thus, areas with poor illumination were
dominated by heterotrophic communities, whereas
others with strong illumination were occupied mainly
by photosynthetic microorganisms. In any case, the
organisms present in the least illuminated areas
required a supply of organic matter generated by the
organisms growing in the most illuminated areas.
The light intensity measurements taken by Johnson
(1979) in New Zealand caves suggest that the minimal
levels of light required for the continuous growth of
the various organisms that comprise the lampenflora
are the following: in algae, 10 to 50 lux; in mosses,
50 to 180 lux; and in ferns, 250 lux. Cigna (2011a)
simplifies these intensity levels, and states that 85%
of the lampenflora develop with an approximate
minimum value of 40 lux.
Detailed studies carried out on stone surface,
mural paintings in rocky indoor environments and
subterranean archeological sites (Albertano et al.,
2000; Hoffmann, 2002; Albertano & Bruno, 2003; Urzi
et al., 2010; Albertano, 2012) also show light as the
limiting factor for the growth of these phototrophic
biofilms and the only parameter that can be controlled
in situ. In this case, it has also been proven that the
presence of artificial light with very low intensity
provides a suitable environment for the development
of phototrophic microorganisms (Albertano, 2012;
Bruno & Valle, 2017). Monochromatic lights, with
limited wavelength emission, have been successfully
tested under laboratory conditions and inside a
Roman hypogean site (Albertano & Bruno, 2003).
However, other studies suggest that established
populations of lampenflora may survive for long

periods of time with much lower levels of light than
those mentioned previously, revealing their capacity
to survive in low lighting conditions. Some algae and
cyanobacteria can survive and reproduce even at
light intensities considerably below what is known as
the “photosynthetic compensation point” (intensity
of light at which the amount of CO2 fixed in sugars
during photosynthesis is the same as the CO2
released during respiration) (Martincic et al., 1981;
Mulec, 2005).
Some species of algae (such as Chlorella sp.)
are capable of switching from an autotrophic to a
mixotrophic and finally to a heterotrophic lifestyle,
deploying their reserves according to changes in
lighting conditions (Kermode, 1975; Roldán &
Hernández-Mariné, 2009). Other organisms such
as mosses may display etiolation, a physiological
adaptation to low levels of light which involves
exposing a greater surface area to capture the
few photons available in periods of scarce light
(Mulec, 2012).
In addition to withstanding long periods with very
low levels of light, lampenflora populations can even
survive in total darkness (Claus, 1962, 1964; Hajdu,
1966; Kol, 1967 in Aley, 2004). In the course of an
experiment (Johnson, 1979) on the development of
lampenflora under different light colors, one lamp
failed after the growth of a lampenflora population.
The lamp was not repaired for five months and after
this period of essentially zero lighting, the associated
lampenflora appeared to have suffered very little or no
deterioration. In contrast, when the intensity of light
is too high, some epilithic algae may switch to the
endolithic phase to protect themselves from excess
damage from light (Asencio & Aboal, 2001).
Moisture
The development of lampenflora is generally limited
to moister or wetter surfaces, usually located in
soft porous areas with a presence of water, which
accelerates their growth (Martincic et al., 1981; Aley,
2004). However, for the development of biofilms
in general, the duration of the dry periods and
the number of humid periods appears to be more
important (Gladis-Schmacka et al., 2014) than the
total amount of water available (Büdel et al., 2009).
Some organisms have developed survival strategies
during periods of prolonged drought, which include
using the water retained in the substrate, forming
protective compounds such as saccharose or trehalose
(Potts, 1999, 2001; De Philippis et al., 2001), and the
advantage gained by biofilms of growing in a thin layer
directly on the substrate, thus being able to optimize
all the available moisture (Johnson, 1979).
Algae are capable of withstanding much greater
fluctuations in available moisture than mosses and
ferns (Johnson, 1979). Grobbelaar (2000) observed
that some species can recover their metabolic activity
after long periods of desiccation. Specifically, some
genera of cyanobacteria such as Chroococcidiopsis
sp. and Nostoc sp. may become desiccated without
dying (Alpert, 2006) and rapidly recover in favorable
conditions, withstanding wide fluctuations in
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moisture and surviving in the most extreme habitats
for long periods of time (Potts, 2001; Wierzchos et al.,
2006; Ramírez et al., 2011).
Nutrients
One of the characteristics of natural cave
environments is their low nutrient content (Simon et
al., 2007). The groundwater that seeps into the ground
is the only source of almost all the nutrients necessary
for the autotrophic growth of these communities. As
it travels across the floor and the rock that forms the
cave, the water picks up soluble inorganic nutrients
that are introduced into the cave and absorbed by the
lampenflora (Johnson, 1979).
As indicated above, due to their photosynthetic and
nitrogen and CO2 fixing capacity, biofilms induce the
growth of bacteria, fungi, mosses and ferns in their
surroundings, which benefit from an environment
enriched in organic matter and nutrients. Hence
within the actual lampenflora population, there is a
cycle of nutrient utilization, release and reutilization
by the autotrophic and heterotrophic organisms
(Johnson, 1979).
Other sources of nutrients already mentioned are,
for example, the excrements of animals who inhabit in
the cave, detrital and clay-like sediments dragged by
water into the interior, and the residues introduced
by visitors.
Temperature
The rise in temperature is another factor with a
significant influence on the growth of algae. PulidoBosch et al. (1997) used an incandescent lamp and
estimated that at a distance of 50 cm from the light
source the temperature was 8°C higher than in the
surroundings, whereas Cigna (2011a) claims that
at a distance of a few dozen centimeters this type
of lamp produces a temperature increase in the
order of 10°C and a decrease in relative humidity
of 70-80%.
These conditions cause the cyanobacteria to adopt
a mosaic or belt arrangement according to the
environmental conditions (Roldán et al., 2004), in this
case generating a central vegetation-free patch in the
area around the artificial light point, as a result of the
excessive heat and of the sharp decrease in moisture
(Johnson, 1979; Mulec & Kosi, 2009; Esteban, 2014).
Mulec (2012) offers an interesting example of this
issue: in the Aggtelek Caves (Hungary) green patches
appeared after the snow melt in spring, but when the
water evaporated the green covering nearest the lamps
disappeared. The intense illumination had dried the
surface and restricted the growth of the lampenflora,
but in the area furthest from the lamps, the flora
continued growing.
At a low flow-density of photosynthetic photons,
a small increase in temperature can lead to a
considerable increase in the production of biomass.
For example, the green alga Chlorella sp., frequently
identified in lampenflora communities, multiplied
its biomass by 30 when the temperature rose from 9
to 11°C (Mulec, 2012). In comparison with the cave
entrance the areas around the lamps offered more
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stable conditions without any extreme environmental
oscillations like melting-freezing processes.
Finally, the following are conditions that may
exist in caves that that could promote lampenflora
colinisation (Grobbelaar, 2000; Merdenisianos, 2005):
1) They are supplied with relatively constant
illumination from an artificial light source.
2) Generally, the environment in caves maintains a
humidity of around 100%.
3) The water that seeps through the floor and
the geological formations often contain high
concentrations of nutrients.
4) The temperatures in the underground environment
are more uniform than on the exterior.
5) The high levels of CO2 generated by visitors in the
underground atmosphere contribute to increasing
the photosynthetic capacity and as a result, to
the more rapid growth of the lampenflora.
6) Fungi and other microorganisms are easily
disseminated in the cave interior thanks to air
currents and transport by cave fauna and visitors.
Problems generated by lampenflora
The colonisation and growth of biofilms normally
involves a change in the properties of the substrate
where they develop (Korber et al., 1994; Golubic
& Schneider, 2003; Prakash et al., 2003). When
an undesirable change occurs, this is known as
“biodeterioration” (Hueck, 1965, 1968; Kumar &
Kumar, 1999).
Numerous works have highlighted the relationship
between the processes of deterioration of stone
monuments in the presence of microorganisms such
as bacteria, fungi, algae, mosses and lichens (OrtegaCalvo et al., 1991; Saiz-Jiménez, 1994; Warscheid
& Braams, 2000; Papida et al., 2000; Crispim &
Gaylarde, 2005; Caneva et al., 2008; Di Martino,
2016). Wakefield and Jones (1998) estimated that
between 20% and 30% of the deterioration in rocks is
a result of biological activity.
In underground environments, the proliferation of
photosynthetic microorganisms can be considered a
significant threat to the conservation of the natural
and cultural heritage (Ciferri, 1999; Bastian &
Alabouvette, 2009; Albertano, 2012).
The Lascaux Cave was the first in which a
complex study was conducted on the processes
of biodeterioration caused by photosynthetic
microorganisms on its interior, specifically on its cave
paintings (Lefèvre et al., 1974). Since then, this type of
deterioration has been researched by several authors,
both in caves and in other underground environments
or hypogeous monuments.
Nugari et al. (2009) observed in the Crypt of the
Original Sin (Matera, Italy) that the communities
of phototrophic microorganisms not only formed a
greenish layer on the surface of the Byzantine paintings
(dating from the ninth century), but that they also
colonized the interior of the rock substrate to a depth
of several millimeters. Del Rosal (2015) gives as an
example the case of several Spanish caves in which
the “uncontrolled” development of microorganisms
posed a serious problem that has sometimes led to the

International Journal of Speleology, 48 (3), 249-277. Tampa, FL (USA) September 2019

258

Baquedano Estevez et al.

closing of the cave. In the Tito Bustillo Cave, numerous
speleothems were found to be abundantly colonized
by photosynthetic microorganisms, including the
cyanobacteria Scytonema julianum (Saiz-Jiménez,
1999). The Castañar de Ibor Cave had to be closed to
the public in 2008 due to a fungal outbreak caused
by a visitor’s vomit which led to the development of
Mucor circinelloides and Fusarium solani (Jurado
et al., 2010). Finally, the growth of photosynthetic
microorganisms due to intense artificial lighting
caused the closure of the Altamira Cave in 2002 (SaizJiménez et al., 2011).
To understand the different processes of
biodeterioration in caves, Caneva et al. (2008)
indicate that it is important to know whether the
microorganisms use the material as a source of
nutrients, as occurs with heterotrophic organisms
(bacteria and fungi), or merely serves as a physical
substratum for their development, as in the case of
autotrophic organisms (cyanobacteria and algae).
Whether for the purposes of nutrition or residence,
microbial colonization significantly alters the physical
and chemical properties of the mineral substrate,
improving its bioreceptivity and allowing the
development of different types of patina which range
from thin films through to thick crusts (Warscheid &
Braams, 2000). The negative effects of lampenflora
therefore not only include changes in the aesthetic
appearance of the caves (colouration), but these
communities also cause a physical (disintegration)
and chemical (dissolution) deterioration of the
substratum.
In first place, the presence of lampenflora causes an
aesthetic change to the substrate surface, producing a
dirty greenish appearance (mainly due to the presence
of chlorophyll-derived pigments), with the subsequent
decline in aesthetic value of the colonized substratum
(Warscheid & Braams, 2000; Caneva et al., 2008; De
Muynck et al., 2009; Scheerer et al., 2009; Cutler et
al., 2013). When the algae are grouped in biofilms,
the presence of the extracellular matrix (EPS) acts as
a viscous adhesive, providing sufficient resistance to
adhere to the colonized surfaces (Karsten et al., 2007)
and in turn promoting the retention of dust particles
and certain atmospheric aerosols, which contribute to
the change in color (Steiger et al., 1993; Warscheid &
Braams, 2000; Mulec, 2012).
Physical
biodeterioration
includes
all
the
mechanisms that produce structural changes, loss of
cohesion, rupture or disintegration of the substrate
through mechanical pressure due to the growth of
microorganisms (Caneva et al., 2008, Warscheid
& Braams, 2000). One example of this process is
the penetration of the filaments of some endolithic
species (certain algae and filamentous cyanobacteria)
in the cracks in the substrate. The absorption of
water and the cellular growth of these organisms
exert pressure on the structure, which leads to the
detachment and peeling of the surface layers of the
substrate (Krumbein, 1988; Danin & Caneva, 1990;
Bolívar & Sánchez–Castillo, 1997; Asencio & Aboal,
2001; Peraza-Zurita et al., 2005; Sarró et al., 2006).
The extracellular matrix (EPS) may also play a role

in biodeterioration, generating an additional physical
chemical stress due to the processes of hydration
or dessication (Dornieden et al., 2000; Warscheid
& Braams, 2000; Perry et al., 2004; Borderie et
al., 2014a).
Chemical biodeterioration is mainly due to the
metabolic activity of microorganisms, also known
as “biocorrosion”; this is a process whereby the
microorganisms excrete a series of organic acids
(oxalic, citric, gluconic, fumaric, malic, and formic
acid, among others) which cause the dissolution
of materials and calcium carbonate formations in
monuments and caves (Johnson, 1979; Warscheid
& Braams, 2000; Herrera et al., 2004; Aley, 2004;
Caneva et al., 2008; Scheerer et al., 2009). Electron
transfer, the absorption of protons and cations from the
substrate due to the formation of chelating complexes
and phototrophic processes (including carbon
dioxide transfer, oxygen production, and alkaline
reactions with variations in pH), also contribute to the
biodeterioration of the substrates and the precipitation
of mineral mixtures (Albertano, 1993; Albertano et al.,
2000; Warscheid & Braams, 2000; Hoffmann, 2002).
All these biological activities lead to the alteration of
the minerals and cause changes in the rock structure,
involving greater porosity and permeability to water
(Warscheid & Braams, 2000) and a weakening of its
physical support function.
A particularly serious problem arises when the
lampenflora, either living or dead, gradually becomes
encrusted in the calcium carbonate substrate due
to abiotic or biotic processes of precipitation and
carbonate deposit. This amorphous mixture of dead
phototrophs and carbonates irreversibly destroys
the speleothems and other objects of cultural value
(Mulec, 2012).
The presence of lampenflora also poses a problem
for the fauna inhabiting the caves (Mulec & Glažar,
2011), as biofilms add a substantial amount of
nutrients to the cave environment, available both
to animals that are adapted to the underground
environment and to other occasional inhabitants. It
has been suggested that in this new environment,
newcomers may become more competitive in this
ecological niche and displace other autochthonous
populations, affecting both their diversity and their
abundance. However, these kind of effects have not
been studied in a systematic and quantitative fashion
yet and many conclusions may be merely speculative,
particularly regarding higher order organisms. There
are even works such as that by Meyer et al. (2017)
where T. celsus is used as a biological model, that
show no evidence of lampenflora-induced alteration
of the subterranean food chain after the application of
sodium hypochlorite.
Biodeterioration can be seen as a complex ecological
process driven by numerous interactions between
microorganisms, the substrate, and environmental
factors described above (light, humidity and
temperature, among others) (Nuhoglu, 2006; Dakal
& Cameotra, 2012; Miller et al., 2012). Table 3
summarizes the problems generated by lampenflora
in show caves.
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Table 3. Problems generated by lampenflora in show caves.
Type

Aesthetic changes

Causes

Consequences

Presence of pigments derived from chloroform
in the biofilms.

Change of colour: dirty greenish colour.

The extracellular matrix (EPS) acts as a viscous
adhesive, favouring the retention of dust
particles and certain atmospheric aerosols.
Mechanical pressure due to the cellular growth
of microorganisms.

Physical

Penetration of some endolithic species within
the cracks in the substrate.
Processes of hydration and/or desiccation of the
extracellular matrix (EPS).

Loss of aesthetic value in the colonised
substratum.
Peeling and exfoliation of the surface layers
of the substrate.
Structural changes: loss of cohesion, rupture or
disintegration of the colonised substratum.
Greater porosity and permeability to water.

Metabolic activity of the microorganisms
and excretion of organic acids (oxalic, citric,
gluconic, fumaric, malic and formic acids,
among others).

Biodeterioration

Chemical

Transfer of electrons and absorption of protons
and cations in the substrate due to the
formation of chelating complexes.

Dissolution of the materials.
Alteration and precipitation of mineral mixtures.

Phototrophic processes including carbon
dioxide transfer, oxygen production and alkaline
reactions with variations in pH.

METHODS FOR CONTROLLING
LAMPENFLORA
Historically the control of lampenflora communities
involves two actions: the elimination of existing
biofilms, and the prevention or delay of their
development (Johnson, 1979; Hebelka, 2014). This
control has led to the publication of an extensive
bibliography on the work carried out in some of
the world’s most important show caves, where this
problem has been studied and treated for decades.
Mulec and Kosi (2009) highlight the contradiction of
eliminating the phototrophic communities without
removing or modifying the lighting in the caves, and
thus without restricting their use by tourists, which
would be unacceptable to their managers. These
authors also say that in spite of the availability of
several methods to control lampenflora, no definitive
technique for preventing and avoiding their growth
has yet been found.
The control methods tested can be classified
into three main categories: physical, chemical and
environmental. The following sections present and
describe the main features of these methods.
Physical methods
Brushing and washing with pressurized water
Mechanical elimination using brushes and
pressurized water are two mechanical techniques
traditionally used to address the problem of lampenflora
in show caves. The use of pressurized water injectors
is very widespread among the managers of Australian
show caves (Newbould, 1974; Anon, 1976) and, as
indicated by the studies of Bonwick et al. (1986) in
the Jenolan Caves (Australia), pressurized water is
considered safe for cleaning speleothems covered by
algae (cited in Werker & Hildreth-Werker, 2004).
Both brushing and washing with pressurized
water have been found to be very efficient on hard
surfaces, and offer instant results without generating

any toxic products (Ramírez-Trillo & González-Ríos,
2014). However, the use of these two techniques has
currently been curtailed for the following reasons:
• Their long-term effectiveness is very low (Hebelka,
2014).
• Contrary to the declarations of Bonwick et al.
(1986), it has been demonstrated that the repeated
use of these techniques may cause damage to soft
or earthy surfaces and alter the fragile crystalline
structures of the speleothems (Ash et al., 1975;
Spate & Moses, 1994; Merdenisianos, 2005;
Mulec & Kosi, 2009; Mulec, 2012). The presence
of calcified algae in many speleothems means
that this type of mechanical method cannot be
applied effectively without damaging the external
calcareous structure (Esteban, 2014).
• The use of these methods causes the biological
contamination to disperse more easily around the
cave towards other unaffected surrounding areas
(Rajczy, 1989; Hazslinszky, 2002; Hebelka, 2014).
The only exception in which highly pressurized
water could be used is to eliminate dead plant matter
and clean the surface of the cave after treatment
with chemical products (Johnson, 1979). Werker
and Hildreth-Werker (2004) recommend that if this
method is applied, water from the interior of the cave
or from the aquifer where it is located should be used,
as the surface water may be chemically aggressive
and damage the speleothems. Ramírez-Trillo and
González-Ríos (2014) recommend a pressure of no
more than two bars, and suggest the use of a liquid
aspirator to collect remnants from the treatment.
Camouflage
Camouflage is designed to conceal the lampenflora
communities and avoid their visual impact, but does
not include any measures to prevent their subsequent
development or eliminate them. This type of method
has been applied on very few occasions. In the Las
Ventanas Cave (Spain), colonies established in earthy
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or sandy areas were disguised by mixing the surface
with deeper materials. The more consistent substrates
were rubbed with clay and earth and finally, the loose
stones that were affected were turned over (RamírezTrillo & González-Ríos, 2014).
Radiofrequencies
The test carried out by Cennamo et al. (2013) based
on the use of nonthermal effects of radiofrequencies
seems to demonstrate that this kind of radiation
produces visual disappearance of biofilms after
a month of treatment. Treated stones, when
transferred back to their original sites, did not show
any microorganism re-growing after 6 months. It
would be quite interesting to modify this technique
only applicable in the laboratory for now, to test its
efficiency in the show caves.
Chemical methods
Sodium hypochlorite
Sodium hypochlorite, NaClO, whose solution in
water is known as bleach, is a strongly oxidative
chemical compound that is often used as a
disinfectant to produce drinking water and as a
bleach in the textile industry or for domestic use
(Hebelka, 2014). Commercial hypochlorite solutions
(bleach) show variable concentrations depending on
the manufacturer and the end use of the product.
Household bleach sold for clothes laundering is a
3-8% sodium hypochlorite solution (OxChem, 2014).
A 12% solution is widely used for water chlorination,
and a 15% solution is more commonly used for
disinfection of wastewater in treatment plants. The
strength of these solutions decreases gradually with
storage time, thus, actual concentration may differ
from that specified in the container.
Since the late 1970s it has also been applied at a
concentration of nearly 5% to restrict and eliminate
lampenflora communities in show caves (Johnson,
1979; Aley et al., 1984; Zelinka et al., 2002; Aley,
2004; Cigna, 2011a; Mulec, 2012). Hebelka (2014)
provides another example of the efficacy of this type
of treatment based on the results obtained in the
Moravian Karst (Czech Republic). An average cleaning
efficiency of 80% was achieved by applying a 4%
solution of sodium hypochlorite. The concentration of
hypochlorite may be increased up to 8% in areas with
a thick growth of biofilms however the efficacy of this
method is highly variable, as it depends on numerous
factors: a) Concentration of hypochlorite (chlorine) in
the solution used. b) Density and type of plant matter
to be eliminated. c) Type of substrate on which the
lampenflora are growing. d) Amount of water present
in the treated area. e) Age of the chemical agent used.
On the other hand, the most recent studies prove
that usual NaClO concentrations to treat lampenflora
are unnecessarily high (Meyer et al., 2017): “the
success of NaClO is even more notable since the
concentrations where an order of magnitude (0.5%)
lower than the recommended guidance”. They
suggest that it would be environmentally safe to use
hypochlorite below 0.5%, although they do not provide
experimental evidence.

Hypochlorite breaks down fast (between 5 minutes
and 12 hours) in contact with organic substances,
producing rapid oxidation of the substrate. When
applied on lampenflora it leads to its degradation
and whitening (Johnson, 1979; Hebelka, 2014).
Treatment with sodium hypochlorite is approved
and widespread in numerous caves, as it does not
cause any significant damage to the formations and
has a satisfactory final result. Nevertheless, some
species of filamentous cyanobacteria trapped within
the microcavities of the substrate, mainly Scytonema
julianum and Leptolyngbya sp, are capable of
resisting the treatment with hypochlorite (IliopoulouGeorgoudaki et al., 1993).
One advantage of NaClO solutions over H2O2 solutions
is that the former are much less corrosive. In tests to
assess the corrosive action of sodium hypochlorite on
some broken formations in the Frasassi caves (Italy),
Bertolani et al. (1991) found that with ten minutes of
treatment and after 17 hours, only 41 mg/m2 of rock
was dissolved.
The use of NaClO may represent a negative burden
for the environment in the cave, as the products
resulting from its oxidation are carbon dioxide, water
and chloride ions, and it may also cause the release
of chlorine gas (Faimon et al., 2003; Mulec & Kosi,
2009), a highly toxic compound when inhaled or in
contact with the skin. It must be applied by personnel
wearing adequate protective equipment (overalls with
a hood, boots and rubber gloves, protective goggles
and a respirator) and depending on the size of the
area to be treated, using a manual spray device or a
backpack sprayer (Hebelka 2014).
In 1981 a group of speleologists found dead
bats in the Javoříčko Cave (Czech Republic) after
cleaning operations with sodium hypochlorite
solutions. The disappearance of some species of
insects in Slovak caves may also be related to the
biocidal effect of hypochlorite on underground fauna
(examples cited in Faimon et al., 2003), the chlorine
released contaminates the atmosphere, generates
an unpleasant odor, and even acidifies the karstic
waters, leading to the possible dissolution and erosion
of calcium carbonate formations.
Iliopoulou-Georgoudaki et al. (1993) indicate that
the use of sodium hypochlorite may also cause a
reddish colouring in the carbonate substrates due to
the oxidization of Fe2+ into Fe3+, which precipitates as
amorphous iron hydroxide Fe (OH)3 (cited in Mulec
& Kosi, 2009). In these cases, careful rinsing of the
substrate with deionized water must be conducted
after treatment in order to avoid undesirable effects
and further damages.
Finally, other substances may be formed while
spraying sodium hypochlorite, originated by the
interaction with the biota. These subproducts are
usually known as AOX (adsorbable organic halides)
(Drewes & Jekel, 1998). For example, toxic chloramines
are released when hypochlorite reacts with ammonia
and nitrogenated compounds, (Greenwood &
Aernshaw, 1984; Delalu et al., 2001) and may even
form carcinogenic trihalomethanes (Faimon et al.,
2003). All these products can significantly foul up

International Journal of Speleology, 48 (3), 249-277. Tampa, FL (USA) September 2019

The lampenflora and its treatment

a cave environment and negatively influence native
cave biota (Faimon et al., 2003).
However, these consequences can be minimised if
the show caves where the treatment with NaClO is
applied are adequately ventilated (Johnson, 1979;
Cigna, 2011a), and the same recommendations are
observed (Hebelka, 2014):
Calcium hypochlorite
Calcium hypochlorite, Ca(ClO)2, like sodium
hypochlorite, is a fast-degrading compound with
a strong oxidizing effect used as a disinfectant and
bleach, and which has also been used to control
lampenflora communities (Hebelka, 2014).
In large-scale tests carried out in the Ruakuri and
Waitomo caves, Johnson (1979) indicates that the
concentration of calcium hypochlorite necessary for
the effective control of lampenflora depends on the
composition and density of the biofilms to be treated.
In places where there is a fine covering of algae, a 2%
solution in water was sufficient to clean the surface,
whereas if the lampenflora was constituted by a dense
community of mosses and algae it was necessary to
apply a 4% solution.
In terms of its effectiveness in cleaning speleothems,
an exhaustive test was done in the Nerja Cave
(Garrido et al., 2007). On this occasion, a solution of
water saturated in calcite and calcium hypochlorite
(2%) was used. The treated areas revealed an intense
fungal colonization of the cleaned surface a few days
after the treatment was applied. A further application
of hypochlorite was made to eliminate the fungi and
the remnants of dead microorganisms remaining on
the substrate, which constituted a source of nutrition
for these fungi. One year after the cleaning process,
the recolonization of the substrate by photosynthetic
microorganisms
was
defined
as
“practically
unnoticeable”. However, in 2011, five years later,
the areas that had been cleaned once again showed
colonization by photosynthetic microorganisms.
The environmental effects of treatment with Ca(ClO)2
are similar to the use of NaClO, as both compounds
are based on the action of chlorine (Faimon et al.,
2003; Mulec & Kosi, 2009). However, Johnson
(1979) downplays the problem of the strong odor and
claims that 36 hours after treatment with four liters
of calcium hypochlorite at 4% in an unventilated
area of the Waitomo caves, the smell of chlorine was
undetectable. Aley (2004) do not recommend its use,
as calcium hypochlorite solutions leave a calcium
residue that is difficult to eliminate. Mulec and Kosi
(2009), Iliopoulou-Georgoudaki et al. (1993) noted
that, as occurs with sodium hypochlorite, these
substances are responsible for the development of
a reddish coloring in carbonate substrates due to
the oxidation of Fe2+ into Fe3+ that precipitates as an
amorphous iron hydroxide, Fe(OH)3.
Hydrogen peroxide
In order to avoid the environmental drawbacks of the
use of hypochlorite in the treatment of lampenflora, in
the early 21st century several authors (Grobbelaar,
2000; Kubesová et al., 2000; Faimon et al., 2001,
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2003) have proposed the use of hydrogen peroxide
H2O2 as an alternative agent. Hydrogen peroxide is a
colorless liquid, miscible with water in all proportions,
and whose use does not leave residues that may
negatively affect the environment, as it dissociates in
oxygen and water (Grobbelaar, 2000), and does not
release any toxic substance after its degradation.
This substance has long been used as an antiseptic
and antibacterial agent in the healthcare sector and
as a bleach and disinfectant in numerous industries.
In its undiluted form it is a highly corrosive and
aggressive oxygen that is difficult to handle. For this
reason, Mulec and Kosi (2009) noted that it is crucial
to estimate a sufficient concentration to destroy the
lampenflora without deteriorating the speleothems.
Based on the tests carried out in the Katerinska Cave
(Czech Republic), Faimon et al. (2003) considered
that the threshold concentration of 15%, applied
three times during a period of between two to three
weeks, is sufficient to destroy small developments
of cyanobacteria, algae and mosses. However, this
experiment is difficult to interpret. Authors started with
a 5% peroxide concentration and gradually increased
it up to 15% always applying the product onto the
same area. This last concentration was considered
effective as they observed lampenflora disappearing.
Nevertheless, they did not take into account the
cumulative effect of successive applications and the
results just show the concentration but not the total
amount of product applied per unit area or time.
Several authors (Faimon et al., 2003; Esteban, 2014;
Mulec, 2014) highlight the difficulty of eliminating
highly developed growth or lampenflora communities
encrusted in a calcium carbonate substrate with a
single application. There are two ways of increasing
the effectiveness of treatment with H2O2 and reducing
the number of applications:
1) Accumulated mosses and ferns must be removed
before applying the peroxide, thus avoiding
the need to repeat the treatment during humid
periods after heavy rains (Mulec & Glažar, 2011).
2) The threshold concentration of H2O2 can be
increased to 15% (Trinh et al., 2018). The
tests carried out by Khanjani et al. (2014) and
Esteban (2014) in the Ali-Sadr Cave (Iran) and
in the Ortigosa de Cameros Caves (Spain) used
concentrations of 20% and 25% respectively,
without any adverse effects being detected on the
natural biota of the cave and on the speleothems.
However, these applications must be done in
specific cases, as the use of H2O2 may ultimately
end up significantly discoloring the calcareous
structures (Esteban, 2014).
It has been verified that even a 15% solution produces
a more aggressive attack on the underlying carbonate
rock than karstic water. Mulec (2012) specifies that
the 15% solution of H2O2 without a buffer has a pH
of 4 and could therefore lead to the dissolution of the
limestone formations (Caneva et al., 2008). To resolve
this, Faimon et al. (2003) propose saturating the
preliminary hydrogen peroxide solution with calcium
carbonate and adding a few fragments of limestone
rock at least ten hours after its application.
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Once saturated, hydrogen peroxide is a chemical
compound that provides good result and is more
respectful with the environment than chlorated
compounds, as it does not acidify groundwaters or
generate unpleasant odors or harmful gases, and
minimizes the aggression on the carbonate substrate
(Grobbelaar, 2000; Faimon et al., 2003; Mulec, 2012).
In the Postojna Cave, Mulec and Glažar (2011)
consumed an average of 1050 ml of buffered hydrogen
peroxide solution for every 10 m2 of treated surface
in the cave. Each application took an average of 20
minutes. In successive treatments to prevent growths
–normally two per year– the volume applied did not
exceed the amount of 40 ml/m2 recommended by
Mulec (2014). The amounts of chemicals used in the
solution applied is 15% (v/v) of hydrogen peroxide
(pH 7.0-7.5) containing 500 ml of H2O2 at 30%, 75
ml of NaHCO3/Na2CO3 buffer and 425 ml of distilled
water. Due to the instability of the buffered H2O2 the
solution must be sprayed as soon as possible. In this
case, it was applied 20 minutes after preparation,
three consecutive times, with a week between each
application.
Due to the strong oxidizing power of H2O2, several
authors (Grobbelaar, 2000; Cigna, 2011a; Mulec &
Glažar, 2011; Hebelka, 2014) particularly emphasized
the need to take special measures to protect the eyes
and skin during spraying.
The efficiency of the hypochlorite may be due
to the biocidal properties of the non-dissociated
hypochlorous acid and the hypochlorite ion: both
species damage cell membranes, are disseminated
through the cell walls, alter enzymatic activity and
may affect ion regulation (Claudi & Evans, 1993;
Claudi & Mackie, 1994).
Faimon et al. (2003) therefore recommend that the
show cave managers should opt for one of the following
alternatives: (1) a rapid and effective elimination of
lampenflora with hypochlorite, although it represents
a negative burden for the cave environment; or
2) a more environmentally acceptable –albeit less
effective– eradication technique, with hydrogen
peroxide. However, Faimon et al. (2003) only tested
the effectiveness of H2O2, and the comparison with
sodium hypochlorite is based on an appreciation and
not on quantitative data.
In some caves like the El Tesoro (Spain), studies have
been done comparing hydrogen peroxide and sodium
hypochlorite (Jurado et al., 2014). In this Spanish
cave, both cleaning methods were very effective and
maintained the walls and the speleothems clean for
several months after the treatment. However, the
administrators opted for treatment using hydrogen
peroxide due to its harmlessness to the environment.
In the Cango Caves (South Africa), Grobbelaar
(2000) suggested applying between 200-500 mg/L of
H2O2 and washing and collecting the leachates after
5-30 minutes. If the lampenflora persists the washing
must be repeated or combining it with the use of UV-C
radiation. This procedure only needed to be used once
every six months due to the low growth rate of the
algae. It was also found that the use of H2O2 eliminated
the fluff and part of the dirt introduced by visitors

that had accumulated over time on the surface of the
formations.
Hebelka (2014) have reached the conclusion that
although its application is slower (as it is less effective
than hypochlorites), hydrogen peroxide is the least
harmful compound for underground habitats from
the environmental point of view.
Biocides
Due to their toxicity, biocides (Diquat, Diuron,
Atrazina, Simazina Karmex, etc.) are unsuitable
for the treatment of lampenflora in show caves
(Caumartin, 1977; Cigna, 2011a; Mulec & Kosi, 2009;
Mulec, 2012). However, there are some studies on the
potential use of several herbicides such as Diquat and
Diruon (Johnson, 1979) and Atrazine and Simazine
(Grobbelaar, 2000) to eliminate lampenflora in show
caves, although the latter are prohibited in the
European Union: Simazine since 2003 and Atrazine
since 2004 (European Biocides Directive 1998/8/EC).
The results of further studies were disappointing and
produced no apparent effect, as the greenish color
persisted on the surface of the treated formations.
Nugari et al. (2009) tested the effectiveness of
several biocides based on quaternary ammonium
salts (Rocime 110, Preventol R80 and Umonium 38)
on algae and cyanobacteria colonizing Byzantine
paintings in the Crypt of the Original Sin (Matera,
Italy). The products were effective in eliminating the
lampenflora, but the colorimetric analysis revealed
changes in the color of the substrate after treatment.
Other authors, cited by Mulec and Kosi (2009),
have suggested the use of formaline (Cubbon, 1976;
Caumartin, 1986; Merdenisianos, 2005), solutions of
copper ammonia (Merdenisianos, 2005), butyl alcohol
(Hill & Forti, 1997) and formaldehyde at a dilution of
between 0.5% (Orial et al., 2009) and 5% (Rajczy et
al., 1997).
In all cases, del Rosal (2015) notes that any cleaning
protocol based on the use of biocides must include
the subsequent removal from the area of the resulting
dead organic matter in order to avoid the massive
colonization of the medium by fungal microorganisms
as occurred in the Lascaux Cave (Lefèvre, 1974;
Bastian et al., 2010; Martín-Sánchez, 2012).
Borderie et al. (2014a) noted that special attention
should be paid to monitoring the treated surfaces, as
the biocides can be easily transported to other areas
and contaminate the cave environment.
Intense and periodic cleaning with biocides over a
period of years may give rise to the displacement of
the autochthonous microbiota in the cave, and its
replacement by communities of microorganisms that
are resistant to biocides (del Rosal, 2015). In Lascaux
Cave, for example, the invasion of Fusarium solani
species complex was treated with Benzalkonium
choride from 2001 to 2004. As a result, the indigenous
microbial community was replaced by microbial
populations selected by the biocide (Bastian et al., 2009).
Natural Biocides
The use of natural substances has been proposed
recently to control de development of biofilms over
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natural substrate (Stupar et al., 2014; Sasso et al.,
2016; Pfendler et al., 2018; Bruno et al., 2019). Among
these substances, very different kind of compounds
are mentioned such as glycoalkaloids, essential
oils, Juglone, phenolic acids, flavonoids, terpenoids
or alkaloids. These compounds show fungicide or
insecticide properties, and some such as Juglone, can
even interfere with the mechanism of photosynthesis
and inhibit the growth of algae and it is, therefore,
proposed to fight algae and cyanobacteria biofilms.
Any biocide, either natural or artificial, produces
a similar effect: it selects resistant species and
deeply modifies the original biota, therefore its use
is questionable from an environmental point of view.
Natural origin is not equal to less toxic. Toxicity depends
on the chemical structure. In fact, most, if not all,
biocides are toxic or otherwise polluting substances,
and their degradation is frequently difficult, being
persistent in the natural environment (Barresi et
al., 2017). Moreover, when these substances are
used inside a cave they will easily reach and pollute
groundwater.
Nanoparticles
Many works have proven that metallic nanoparticles
have powerful antimicrobial, antifungal and antialgae
properties. Over the past few years, several experiments
with these substances have been carried out for the
mitigation of microbial colonization on stone surfaces
specially in Cultural Heritage Restoration (SierraFernández et al., 2017). The main limitation for their
use is that almost all heavy metals containing these
particles are highly toxic for most lifeforms including
humans. Among the most studied metals there are
silver (Bellissima, 2013; Bellissima et al., 2014;
Zarzuela et al., 2018), mixtures of consolitants, water
repellents and copper nanoparticles (Pinna et al.,
2012), and some metal oxides, particularly titanium
dioxide (Bellissima, 2013; Ruffolo et al., 2017). Both
silver and titanium are considered metals with little
toxicity, but they are not harmless, especially in
the form of nanoparticles (Raymond et al., 2009;
Hadrup & Lam, 2014). Their introduction in the
natural environment must be avoided at any cost.
Furthermore, those studies lack long-or mediumterm in situ experimentation, since they deal mainly
with laboratory tests aimed to assess the products’
efficacy (Ruffolo et al., 2017). However, if the studies
on the toxicity of these particles in humans are
scarce, those on the effect on natural fauna in caves
are entirely missing.
Liquid nitrogen
There are few studies published on the use of liquid
nitrogen as a method of eliminating lampenflora
in show caves. A test was done in the El Tesoro
Cave (Jurado et al., 2014), where liquid nitrogen
applied with a brush represented a cleaning which
combined mechanical elimination (thanks to the
effect of the brush) with the congealment of the
biological structures, which would theoretically
represent an advantage. However, cleaning with this
procedure was much less effective than with other
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chemical compounds (hydrogen peroxide and sodium
hypochlorite), as it failed to totally eliminate the green
patches. The complications involved in its transport,
execution and handling, mean this treatment is not
recommended.
Environmental control methods
Lighting control
In the natural cave environment, whether a show
cave or not, adequate levels of moisture and nutrients
are almost always achieved for the development of the
biofilms that form the lampenflora (Johnson, 1979),
and the limiting factor for the development of these
communities is the lack of light. For example, Martínez
and Asencio (2010) showed that in the Gelada Cave
(Spain) the main stress factor for the biofilms was
the lack of light, followed by moisture deficit, lack of
nutrients and finally, temperature variations.
As lighting is precisely the factor that is easiest to
control, managers seek to limit the development of
lampenflora communities by modifying the design
and the technology of the lighting system (Olson,
2006). The aim is to reduce the amount and intensity
of the light emitted and adopt a light spectrum whose
emission range does not coincide with the wavelengths
that favor the growth of lampenflora (Johnson, 1979;
Smith & Olson, 2007).
From a quantitative point of view, a discontinuous
lighting regime theoretically restricts the growth of
lampenflora, as plants require a series of chemical
and physiological changes to adapt to different phases
of light and darkness, which involves an extra energy
input (Aley, 2004).
The simplest way of restricting the growth of
lampenflora in show caves is by reducing the duration
of the lighting periods, keeping the lights on only
when visitors are present, which also achieves a
reduction in the energy released into the environment
and lowers electricity costs (Grobbelaar, 2000; Mulec
& Kosi, 2009; Cigna, 2011a; del Rosal, 2015). Planina
(1974) estimates that lampenflora cannot develop
if the illumination in the cave does not exceed 100
hours a year.
Lampenflora communities can survive and
reproduce in conditions of low light and even tolerate
its absence for varying periods of time (Dalby, 1966;
Martincic et al., 1981; Mulec, 2005; Glime, 2007).
Cigna (2011a) indicates that although the reduction
in light for a prolonged interval of time (for example, a
month) counteracts the proliferation of photosynthetic
organisms in caves, it may favor the dissemination of
other resistant organisms (generally cyanobacteria)
due to reduced competition (Giordano et al., 2001;
Montechiaro & Giordano, 2006).
The intensity of the light may be decreased by using
less powerful lamps that emit the smallest possible
amount of heat (Gurnee, 1994) or by establishing a
safety distance between the light source and the cave
surface. Cigna (2011a) indicates that a distance of
approximately 1 m should be safe, whereas ByoungWoo (2002) recommends extending this to at least 2 m.
Another option is to use disperse illumination (Mulec
& Kosi, 2009), as lampenflora does not develop, or
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develops very slowly under diffuse lighting methods,
as occurs in the speleotherapy centre for patients
with pulmonary ailments at the Sezana Hospital
(Slovenia) (Mulec, 2005). Olson (2006) suggests that
diffuse illumination can be supplied by corridor lamps
directed towards the path surface.
The level of lighting must be sufficient for visitors
to see the path and the low ceilings clearly, so they
can enjoy the cave (Grobbelaar, 2000; Olson, 2006).
However, Mulec and Kosi (2009) invite managers
not to show off the caves in the brightest and most
highly illuminated conditions possible, but to opt for
a level of lighting that allows the natural or cultural
heritage to remain partly concealed or in half light, so
its beauty can be admired as it was at the beginnings
of underground tourism.
From a qualitative point of view, when designing the
lighting system, a light spectrum should be selected
that is minimally absorbed by the photosynthetic
pigments (Olson, 2006). This is done for example by
using a green light (around 530 nm) as recommended
by Harris (1981) in Mammoth Cave or by Oostthuizen
(1981) and Grobbelaar (2000) in the Cango Caves.
However, several authors (Aley, 2004; Olson, 2006;
Mulec, 2014) say that for aesthetic reasons green
lighting is a somewhat impracticable strategy and is
normally rejected by the administrators of show caves
as it does not give the underground environment a
natural appearance. The use of green light would not
be so successful against organisms that can modify
their accessory pigments (Roldán et al., 2006).
Imprescia and Muzi (1984) and Olson (2002) have
opted for the use of yellow light (around 580 nm) as a
possible alternative. Lampenflora communities do not
strongly absorb this type of light (Aley, 2004; Mulec,
2012) and the visual impact is minimal, giving the
cave a natural appearance, as the walls are often
bathed in earthy and yellowish tones. The human eye
is also much more sensitive to yellow light than to the
red and blue wavelengths that feed photosynthesis
(Olson, 2006). For example, in the El Tesoro Cave,
LED-type yellow light points were installed with an
emission range of 590 nm, with good results (Jurado
et al., 2014).
Del Rosal (2015) analyzed the emission spectra of
the photosynthetic organisms in the Nerja Cave by
monitoring the physiological state and the photoacclimatization processes of the biofilms. She
identified through the pigments the most unfavorable
wavelength range for their development. A wavelength
of around 560 nm was proposed as the most
appropriate for the design of the new lighting system.
With regard to the type of lighting, halogen lamps
are often still used in many show caves and other
underground spaces open to the public. However,
they are gradually being replaced by other types of
lighting as they do not preserve the environmental
conditions of the cave, but increase the temperature
and decrease the environmental humidity when they
are lit (Cigna, 2011a; Mulec, 2014; D’Agostino et al.,
2015).
High- and low-pressure sodium steam lamps and
LED-diode lamps are a more appropriate option,

as they have less impact on the atmosphere in the
cave, and the emissions spectra of these lamps are
largely located in the chlorophyll absorption peaks
(Merdenisianos, 2005; Olson, 2006).
The problem with sodium steam lamps is that they
take some time to achieve their total brightness,
and repeatedly turning them on and off significantly
reduces their useful life (Olson, 2006). Kartalis
and Mais (2001) observed that in the Alistrati Cave
(Greece), low-pressure sodium steam lamps were not
active in preventing the development of lampenflora.
Although LED lamps are not so bright, they have
numerous advantages: they have a narrow emissions
spectrum and can be adjusted according to need,
they light immediately, are very energy efficient, emit
very little heat, produce no noise and have a very
long useful life (up to 100,000 hours or ten years of
continuous use) (Olson, 2006; Toomey et al., 2009).
These characteristics have led numerous caves
around the world to opt to install LED illumination
at the start of the 21st century. Mulec and Kosi (2009)
and Cigna (2011a) cite the work of Olson (2002)
in Mammoth Cave as an example, where it was
successfully demonstrated that the development of
lampenflora could be controlled through the use of
LED illumination. An emission range was used of 595
nm (yellow) with an intensity of 49.5 lx, preventing the
growth of the lampenflora for a year and a half after
its installation.
Several authors (Johnson, 1979; Mulec & Kosi,
2009; Cigna, 2011a; Hebelka, 2014; Ramírez-Trillo &
González-Ríos, 2014), have suggested implementing a
lighting system divided into two differentiated sectors
or circuits:
• 1st circuit - illumination of the visitors’ route on
paths and platforms to allow their safe passage
through the cave.
• 2nd circuit - scenic or artistic illumination to
highlight the most spectacular formations.
This can be turned on manually with switches
activated by the guides during the visit, or they
can be programmed to turn on for a limited period
of time only when visitors pass nearby.
The first circuit must be equipped with emergency
lighting batteries that guarantee safety in the case
of an electrical failure, and the second circuit must
be provided with infra-red sensors (or similar) that
react to movement. Each of these circuits must have
control units and automatic switching that operate
separately and independently.
It’s also very effective re-orienting or relocating
the lights in areas susceptible to being colonized,
avoiding the illumination of substrates covered by
mud, sedimentary or earthy structures and damp
surfaces (Rajczy, 1989; Mulec, 2012; Ramírez-Trillo &
González-Ríos, 2014). Mulec and Kosi (2009) also note
that the placement of lamps in areas with a strong air
circulation should be reconsidered due to the possible
increase in the dispersion of the lampenflora.
A dramatic change in the lighting of areas colonized
by photosynthetic biofilms could lead to the massive
death of these organisms, and therefore to an
increase in organic matter in the environment (del
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Rosal, 2015). This would represent an important
source of nutrients, and possibly cause a large-scale
development of fungi generating a situation similar to
what occurred in the Lascaux Cave. To avoid this the
author proposes gradually replacing the illumination
in a controlled way, and previously cleaning any
intensely colonized speleothems in order to reduce
the amount of organic matter.
Finally, Olson (2006) proposes the use of portable
electric torches as an alternative. No problems with
lampenflora have been reported in caves illuminated
with hand-held or helmet-mounted torches, and
many of the impacts related with the installation of a
lighting system could be avoided. However, the author
also concedes that in tourist caves with a high influx of
public, the logistics of maintaining optimal operating
conditions for hundreds of torches renders this idea
somewhat impracticable. However, on a small scale,
in caves where the influx of public is limited to small
groups divided in shifts, this solution has been found
to be the most effective, as is the case of the Castañar
de Ibor Cave.
Ultraviolet radiation (UV-C)
Ultraviolet light is a form of electromagnetic radiation
with a wavelength located between visible light and
x-rays. It is divided into three categories based on its
energy capacity and its effects on living matter: UV-A
(400-315 nm), UV-B (315-280 nm) and UV-C (280200 nm) (Yin et al., 2013).
UV-C radiation, unlike UV-A and UV-B, is completely
filtered by the ozone layer and is considered to be
the most harmful to living beings due to its highly
energetic photons. Its strong germicidal effect causes
irreversible damage to photosynthetic organisms
(Adhikary & Sahu, 1998; Danon & Gallois, 1998;
Jayakumar et al., 1999; Zvezdanović et al., 2009)
and, in the case of algae and cyanobacteria, it has
been demonstrated that this type of radiation has
the potential to cause serious damage in the cell
constituents involved in photosynthesis (Alam et
al., 2001; Moharikar et al., 2006; Sakai et al., 2007;
Tao et al., 2010, 2013; Ou et al., 2011, 2012) (works
cited in Borderie et al., 2014a). It is therefore used
mainly as biocidal and disinfectant lighting in several
sectors such as medicine, the food industry and water
treatment (Borderie et al., 2014a).
However, the use of UV-C radiation has also been
incorporated in the field of conservation of heritage
materials. The first to propose this alternative use
was Dobat (1963) from his own observations in the
Lascaux Cave (cited in Lefèvre, 1974). Among other
measures, Dobat proposed the use of UV radiation as
substitute for chemical products for the disinfection
of algae. Subsequently, Van Der Molen and others
(1980) successfully developed a mobile ultraviolet
unit (MUVU) to treat walls colonized by algae and
cyanobacteria in the Church of St. Stephanus in
Pilsum (Germany).
However, exposure to UV-C radiation is not a
suitable procedure to combat the proliferation of
microorganisms on organic matter, as just as with
living organisms, organic matter (paper, wood,
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textiles, etc.) can be damaged by UV-C rays (Caneva
et al., 2008).
In addition to Dobat (1963) other authors have
proposed the use of UV-C radiation to limit and control
the proliferation of photosynthetic microorganisms in
the specific sector of show caves, such as for example
in the Grotta Gigante (Italy) (Fabbricatore, 2009),
where the research by Borderie and his collaborators
deals more extensively with this method and its effects
(Borderie, 2014; Borderie et al., 2011, 2012, 2014a, b,
and c). These authors worked in the Moidons Cave
(France) with the aim of assessing the efficiency of a
germicidal treatment with UV-C applied to different
types of biofilms.
The samples were irradiated with a UV-C box
containing two 11 W lamps each with a wavelength
of 254 nm and treated glass to avoid the formation of
ozone. In each treatment the lamps alternated periods
when they were on (30 min) and off (15 min) for 12 h
(corresponding to 8 hours of exposure). The irradiation
was done at night when the cave was closed to visitors,
and the UV-C box was hermetically sealed with black
plastic to avoid UV-C dispersion around the treated
area. A photoradiometer was placed in the box to
measure the effective irradiation. Each biofilm treated
received a dose of 180 kJ m-2. The treatment was able
to kill the microorganisms and induce the degradation
of the chlorophyll pigments responsible for the green
appearance. This approach is very promising, as many
chemical products are capable of killing the organisms,
but fail to destroy the pigments so the greenish
color persists in the substrate. However, treatment
with UV-C did not always completely eliminate the
green color, as its efficiency largely depends on the
thickness of the biofilm: the underlying cells benefited
from the protective shield of the superimposed cells,
which absorbed the radiation. The application of two
8-hour UV-C treatments instead of one would have
been sufficient to induce the complete whitening of a
biofilm of thick green algae.
Another advantage of this method is that its use does
not cause a negative impact on the materials exposed,
nor does it generate any toxic residual element in the
environment. The monitoring of the biofilms showed
that the treatment was effective for at least one year,
but the biological colonization did not cease, and
the greening phenomena once again reappeared 16
months later.
Given that each cave is characterized by its own
climate parameters, the results obtained in the
Moidons Cave cannot be directly transferred to other
sites. This cave is open to the public only six months
a year (from April to October), so the absence of light
in the closed period helps contain the colonization
of algae, with no dynamic proliferation. It can be
assumed that the recolonization time after UV
treatment in the Moidons Cave (approximately one
year) is probably longer than in other caves that are
open all year round.
UV-C treatments can easily be applied in accessible
areas such as on floors, walls and speleothems, but
this method has some limitations, particularly in
the case of remote areas (for example ceilings), and
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indicate that new engineering developments are
required to improve the effectiveness of the treatment
and to limit energy expenditure (for example, through
the use of UV-C LEDs).
Other authors have been less enthusiastic about
this method. For example, Kermode (1975) and
Johnson (1979) carried out several experiments with
ultraviolet lamps to prevent the growth of lampenflora
in the Waitomo caves (New Zealand), effective results
were only obtained in the affected substrate using a
30 W germicidal lamp at a distance of 50-70 cm from
the light source, when lampenflora generally tends
to be located at distances of over 3 m. This would
require the use of more powerful lamps, or the need
to collect the existing carcasses in areas near the
affected substrate. In any case the high costs of the
work would render this method of control somewhat
unprofitable.
Hebelka (2014) also identifies this problem in caves
located in the Moravian Karst (Czech Republic) and
recommends applying this method in smaller caves.
Another disadvantage cited by the author is that in
areas with a proliferation of stalactites and narrow
cracks, shadows are generated that may reduce or
significantly inhibit the effect of UV radiation.
Grobbelaar (2000) tested the efficacy of UV-C lamps
on the algae that thrive in the Cango Caves (South
Africa), both in laboratory cultures and in the caves
themselves. He concluded that this type of radiation
is effective for killing and whitening the algae, and
proposed a treatment in which the use of UV-C is
combined with hydrogen peroxide. However, he also
states that this process requires considerable time,
as the lamps had to be turned off once the visitors
accessed the caves. It should also be considered that
UV light triggers the breakdown of peroxide, so both
treatments cannot therefore act simultaneously.
Finally, Mulec (2014) indicates that UV-C irradiation
is not a suitable procedure for caves unless due
precautions are taken, particularly in places populated
by fauna.
High temperatures
Kermode (1975) and Johnson (1979) suggested the
use of low-pressure steam or hot water instead of
cold water to eliminate lampenflora communities and
clean the walls in the Waitomo Cave.
Tests and prior experiences have shown that these
methods are effective, with the advantage that they
have a highly localized effect and do not produce toxic
residues (Aley, 1972). However, their repeated use
may erode some fragile surfaces and this method also
has some practical drawbacks, as it requires bulky
equipment and continued access to a water and
energy supply. Finally, this method is not fast, as it
takes at least ten minutes to treat each square meters
of surface area.
Biological control
One possible way of restricting the growth of
lampenflora (Mulec & Kosi, 2009) is the use of
antagonistic organisms such as genetically modified
viruses. However, the authors acknowledges that the

introduction of exotic species for the control of other
species often has unexpected consequences and can
lead to far worse environmental problems. In any
case these methods would kill the algae but leave
a remnant of organic matter that would serve as a
substrate for other organisms, mainly fungi.

CONCLUSIONS
The control of lampenflora communities poses two
urgent questions: (1) how to prevent its growth, and
(2) once it is established, how to eliminate it without
damaging the substrate. Based on the advantages,
drawbacks, limitations and recommendations of each
method described in this work and synthesized in
Table 4, it can be concluded that in spite of the variety
of control methods available, no definitive solution
has yet been found (Fig. 3).
Perhaps the main problem concerning research
in lampenflora control is that in spite of the great
number of experiments developed for over 40 years,
many of the methods for assessing success were
arbitrary, qualitative and non-replicable. There are
no normalized methods to measure the efficacy of a
lampenflora removing process and, more importantly,
it is not possible to compare the results of different
authors.
A similar problem has been observed regarding
the information of the effects of cleaning treatments,
particularly chemical methods, on the natural fauna
of caves. The starting assumption is always that the
use of products that are toxic in other environments
will be also toxic for cave inhabitants, but there are
almost no research where toxicity or unfavorable
effects are measured quantitatively.
The most popular product for cave cleaning is sodium
hypochlorite. However, there is no experimental study
that sheds light on which hypochlorite concentrations
are effective to kill the biofilm, which hypochlorite
concentrations are effective to ensure a longer
duration of the cleaning effect, and which hypochlorite
concentrations are effective to achieve a whitening
effect. Meyer et al. (2017) suggest concentrations
10 times lower than those usually applied are fully
effective. It is essential to develop a methodology
allowing for quantification and comparison between
methods.
In the field of monument restoration, catacombs,
stone walls, etc, new methods for biofilms removal
through the application of biocides and metallic
nanoparticles are being tested. In spite of the likely
toxicity of these compounds, their use, effectiveness
and real impact in caves should be studied.
The design of actions intended to prevent
and –where necessary–combat the processes of
biodeterioration caused by lampenflora requires three
multidisciplinary actions:
• An integrated analysis of these biological
communities to determine their diversity,
physiology and relation with the colonized
substrate.
• The implementation of combined methods of
prevention and elimination. Current prevention
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Chemical
Chemical

Physical

-

- Conceals the lampenflora
communities and avoids
their visual impact.
- Inexpensive method.

Brushing and
washing with
pressurised
water

Camouflage

Hydrogen
peroxide

Biocides
and natural
biocides

- The effectiveness of the method
depends on several factors such
as the concentration of peroxide
used, the density and type of
plant matter to be eliminated and
the type of substrate on which it
develops, among others.

- Due to its toxicity, its use has
been restricted by show cave
managers.

- Compared with hypochlorites, it eradicates
highly developed biofilms more slowly and
less effectively.

- Generally highly toxic products for the
environment.
- Depending on the biocide used, the green
colouring may persist in the formations, and
the original colour of the affected substrate
may even change.
- Intensive and periodic cleaning over a
period of years may lead to the displacement
of autochthonous biota and its replacement
with biocide-resistant communities

- Wide variety of
compounds available on
the market.
- Effective for eliminating
lampenflora.

- The efficacy of the method
depends on several factors such as
the concentration of hypochlorite
used, the density and type of
plant matter to be eliminated and
the type of substrate on which it
develops, among others.

- Chemical compound that
provides good result.
- Environmentally friendly,
as it dissociates in oxygen
and water and does not
generate toxic products.
- Chemical method chosen
by numerous show cave
managers.

- Chlorine gas is released as they break
down, which can contaminate the
atmosphere in the cave, produce unpleasant
- Do not cause any
significant damage to the odours and act as a biocide to subterranean
fauna and even acidify karstic waters.
formations.
- May release toxic chloramines and
- In general terms, the final
Hypochlorites
result is satisfactory.
cause a reddish colouring on the substrate
due to the oxidation of Fe2+ into Fe3+,
- Treatment approved and
which precipitates as amorphous
widely used in numerous
iron hydroxide Fe (OH)3.
caves.
- The residue left by the calcium
hypochlorite solutions is difficult to remove.

- The presence of calcified algae
makes this method somewhat
ineffective without damaging the
external calcareous structure.

- Very low long-term efficiency.
- Its repeated use may cause damage to soft
or earthy surfaces and alterations in the
structure of the speleothems.
- Biological contamination can become
dispersed in the cave interior.

- Efficient method on hard
surfaces.
- Instant results.
- Does not generate toxic
products.

- This method does not prevent
the growth of biofilms or eliminate
existing lampenflora communities.

Limitations

Drawbacks

Advantages

Methods

Table 4. Summary of methods proposed for the treatment of lampenflora communities in show caves.

- The cleaning protocol must include the
removal of the resulting dead organic
matter to avoid massive colonisation by
fungal microorganisms.
- Special attention must be given to
washing the treated areas, as the biocides
may easily be transported to other areas of
the cave.

- Before its application, the preliminary
solution must be saturated with calcium
carbonate.
- A threshold concentration of 15% must
be applied.
- Due to its strong oxidising power, the
staff tasked with its application must use
adequate protective equipment.

- Concentrations of nearly 5%
should be used for sodium hypochlorite
and between 2% and 4% in the case
of calcium hypochlorite.
- The cave must be sufficiently ventilated.
- The application must be done before the
tourist season begins, at the end of the bat
hibernation period and/or avoiding periods
of heavy rainfall.
- Due to its strong oxidising power, the
staff tasked with its application must use
adequate protective equipment.

-

- This method should only be used after
treatment with chemical products.
- Water from the cave interior must be
used, as it is less chemically aggressive
than water from the exterior.
- Pressure of no more than two bars should
be applied and the remnants must be
collected with a liquid aspirator.

Recommendations
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Environmental

Chemical
Chemical

- The equipment necessary is
bulky and requires access to a
continuous supply of water and
power.
- Few studies have been published
on this method.

- The cost of renewing the lighting system
may be high.
- The lamps may produce variations in
temperature and humidity rate inside the
cave.

- Not a very efficient method in caves with
large areas affected by lampenflora.
- During the exposure to UV-C radiation
there may be variations in temperature and
humidity rate inside the cave.

- Slow method.
- Its repeated use can erode more fragile
surfaces.
- The introduction of exotic species to
control other species often has unforeseen
consequences and can lead to much more
serious environmental problems than the
original ones.

- Alternative to using
chemical products.
- Numerous caves have
opted for this method and
there are many published
studies.
- It does not have a
negative impact on the
materials or generate any
residual toxic element.

- Alternative to chemical
products.
- Eliminates the
lampenflora communities
and induces the
degradation of chlorophyll
pigments.
- It does not have a
negative impact on the
materials or generate any
residual toxic element.

- Effective method.
- Highly localised effect.
- Does not generate toxic
products.

-

Lighting
control

UV-C
radiation

High
temperatures

Biological
control

Expand research on ornamental stones
and monuments to show caves.

-

- The treatment is difficult to apply
in certain areas (ceilings).
- Areas that are rich in stalactites
and narrow crevices cast shadows
that significantly reduce the effect
of UV-C radiation.
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-

-

- Treatments with UV-C must be done
when the cave is closed to avoid exposing
visitors to radiation.
- In caves where the presence of animals
has been detected in the area to be treated,
an inventory must be taken of the fauna
and due precautions should be employed.

- Reduction in lighting periods, maintaining
the lights lit only during tourist visit.
- Reorienting or relocating the lights
- This method prevents the growth
located in areas susceptible to being
of biofilms in show caves, but does
colonised, or with strong circulating air
not eliminate existing lampenflora
currents.
communities.
- Choice of a light spectrum that is
- The lighting system must be
minimally absorbed by photosynthetic
replaced progressively, as a drastic
change could induce the mass
pigments.
- Use of LED-type lamps: their emission
death of the biofilm populations
and trigger the possible
spectrum can be adjusted according to
need, they switch off instantly, they are
development of fungi.
highly efficient, generate very little heat
and noise and have a long useful life.

- Possible toxic effects of heavy metals.
- Studies of the application of this
-The effects on the environment is unknown method are missing in Show Caves.

- Effective at very low
concentrations.

Nanoparticles

- Few studies published on this
method.

Liquid
nitrogen

- Much less effective results compared to the
use of other chemical compounds.
- Complicated to transport and apply.
- Hazardous to handle.

- When applied with
a brush, this cleaning
method combines
mechanical elimination
with the congealment of
the biological structures.
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Fig. 3. Time line showing the different methods proposed since the 1970s through to the present day to tackle lampenflora in show caves.
FM: physical method; QM: chemical method; LC: light control; UV: ultra violet.

methods are based mainly on strict control of the
lighting, reducing the duration of lighting periods
and using inefficient wavelengths to restrict the
process of photosynthesis. The most widespread
method of elimination is the use of chemical
products, specifically hypochlorites and hydrogen
peroxide. However, in certain situations, other
methods described in previous sections cannot
be ruled out, including: UV-C radiation, brushing
and others.
• In parallel it is necessary to determine the
evolution of these organisms before and after
carrying out these control actions.
Finally, from a management point of view it is
recommended to adapt and follow current international
guidelines. As described by Cigna (2011b), in 1997
the World Commission on Protected Areas at the
International Union for Conservation of Nature (UICN)
published a leaflet (Watson et al., 1997) with a series
of guidelines for the protection of karstic elements and
wild caves. The principles included in this publication
served as a good foundation, but it was considered
necessary to create guidelines aimed specifically
at show caves. After many recommendations and
suggestions received over a period of 20 years, a final
text was agreed at the seventh International Congress
of the International Show Caves Association (ISCA)
held in the Jenolan Caves in November 2014, with
the title “Recommended International Guidelines for
the Development and Management of Show Caves”,
available at the following address: www.uis-speleo.org.
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Abstract:

Keywords:

Subterranean habitats may be considered limiting for animal colonization, especially for ants,
due to permanent darkness and mainly because of oligotrophic conditions. While not as deep
as limestone caves, iron ore caves and other subterranean habitats may be more available
for colonization because of their shallower depth. We use the richness and composition of
ants to assess how differences in habitat structure affect the biodiversity and ecosystem
function between cavities and surrounding epigean landscapes. We predicted that the
distribution of ants would be different because of the variation in habitat structure and cavity
conditions may act as a filter for colonization by ants. A high diversity of ants was found in the
20 sampled cavities (26 species), and most of them were grouped in the generalist trophic
guilds. The distribution of ants occurred independently of the type of cavity to which they
are associated (caves, impacted caves and mines). Significant differences were observed in
ant richness between epigean and cavities habitats, with lower average richness in cavities.
The physical attributes of the cavities did not influence richness, mainly because cavity use
by ants can usually be explained by their opportunistic habits and generalist lifestyle. Ants
can participate directly in the cavities assemblage, playing roles in species composition and
trophic functionality, due to the lower use restriction.
cave, Myrmecofauna, Formicidae, Generalists, iron ore, Brazil
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INTRODUCTION
Historically, studies of subterranean fauna have
mainly focused on carbonate caves, probably due to
their greater abundance and extent all over the world
(Culver & Pipan, 2019), and this was also true for
Brazil (Pinto Da Rocha, 1995; Souza-Silva et al., 2011).
However, in the last 10 years the interest in iron ore
caves in Brazil has been increasing, primarily due to
speleological studies required for the environmental
licensing process for any kind of economic venture
(Normative Instruction N. 02/2009 – Cecav, 2017).
While this requirement has resulted in much research
on these habitats, ironically, such systems remain
the most threatened in Brazil (Ferreira et al., 2018,
Mammola et al., 2019). Cave habitats threats include
*thais.g.pellegrini@gmail.com

habitat loss, biodiversity loss, and contamination
and alteration of aquifer recharge capacity (Toy et al.,
2001; Carmo, 2010; Piló et al., 2015; Souza-Silva et
al., 2015; Jaffé et al., 2018).
Iron ore caves are usually associated with a surficial
ferruginous breccia known as “canga”, which consists
of fragments of rocks originated from erosional
processes over the Precambrian iron-formation and
hard hematite cemented by limonite (Simmons, 1960;
Pomerene, 1964). The canga is extremely resistant to
both chemical alteration and mechanical weathering
process (Dorr, 1973). Due to this, iron ore natural
caves are usually small linear-trending passageways
and close to the surface (Auler et al., 2014; Piló et
al., 2015). The process evolved in the canga formation
also permits the existence of an extensive network
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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in caves are scarce, particularly in Brazilian iron ore
of small channels connecting caves to the surface
systems (Ferreira, 2000; Dáttilo et al., 2010; Dáttilo
environment (Piló et al., 2015, Ferreira et al., 2018).
et al., 2012).
Hence, these channels allow greater connectivity
The present study aimed to evaluate how some
among such environments, and the caves provide
environmental factors of iron ore caves and other
many microhabitats available for colonization by a
subterranean habitats (altitude, length, slope, area,
variety of invertebrates (Ferreira, 2005; Ferreira et
volume, number and size of entrances) may influence
al., 2015). Therefore, the subterranean fauna in iron
the presence and composition of ants using these
ore caves usually has a higher species richness when
habitats. We also compared ant biodiversity patterns
compared to caves with comparable dimensions in
in the subterranean with the adjacent epigean.
other lithologies (Souza-Silva et al., 2011; Ferreira
Moreover, we verified which epigean ant guilds are
et al., 2015). Holes and linear conduits for mineral
more prone to use iron ore caves and mines.
research, excavated by mining companies for gold
prospection that were abandoned, are also present in
some Brazilian iron ore landscapes (Pierre, 2011). Such
MATERIALS AND METHODS
artificial subterranean habitats share some features
with natural caves and offer niches for colonization by
Study area
cave invertebrates (Bernardi et al., 2011).
We conducted the study in one of the main iron
Among the invertebrate groups occurring in caves,
ore deposits in Brazil, the Iron Quadrangle district,
ants have been frequently documented in both Brazil
located in the central-south region of the state of
(Ferreira, 2000; Dáttilo et al., 2010; Dáttilo et al.,
Minas Gerais, from 1500 to 1800 m above sea level.
2012, Ferreira, 2019) and in the world (Wilson, 1962;
The climate is moist with a dry winter and a hot
Tinaut & Lopez, 2001; Roncin & Deharveng, 2003;
summer (Cwa) according to Köppen-Geiger (Alvares et
Moulds, 2006; Batucan & Nuñeza, 2013; Figueras
al., 2013). The surrounding vegetation is dominated
& Nuňeza, 2013; Wynne & Voyles, 2013; Dejean et
by a grassland habitat with sparse shrubs, regionally
al., 2015; Pape, 2016; Naka & Maruyama, 2018).
known as “rupestrian fields” (Santos, 2013). The main
Some ant species have characteristics that favor life
phytophysiognomy in the area is the metalophilic
in subterranean environments, especially hypogaeic
Savannah (Schaefer et al., 2015). The region has an
foraging species, which have a great affinity for
average precipitation of 116.5 mm. We used climate
underground environments and can easily penetrate
data collected at the São João del Rei-A514 weather
into deep zones of some caves (Pape, 2016), where
station, from January 2010 to January to 2019
there is a stable moisture-saturated atmosphere
(Inmet, 2015, Morueta-Holme et al., 2018).
(Howarth, 1980; Howarth, 1983). Besides their use of
We sampled 20 iron ore cavities and adjacent
pheromones for navigation, ants have a metapleural
surface habitats (corresponding to the cavity length)
gland that secretes antimicrobial substances
in the municipality of Mariana (Minas Gerais, Brazil),
(Poulsen et al., 2006; Beattie, 2010). This affords
in a region locally known as Gogo (Fig. 1A-C). Among
them protection from bacteria and fungi that, despite
these cavities seven are natural (caves), we separated
their occurrence in all environments, are particularly
the other 13 cavities according to their historical use.
abundant in caves. The variability of foraging
Eight are impacted caves (natural caves excavated by
strategies among ant species often results in their
gold miners using manual tools for extracting gold in
opportunistic resource utilization in both epigean
quartz veins in the 18th century, and characterized by
and hypogean environments (Wilson, 1976; Silva &
branched conduits and breakdown covering most of
Silvestre, 2004; Tinaut & Lopez,
2001). Such traits may represent
pre-adaptations to subterranean
habitats, including the absence of
light, high moisture and oligotrophy
(Howarth, 1983; Culver, 1982;
Mammola, 2019).
Guild separation simplifies the
community
and
can
facilitate
understanding of ecological patterns
(Farias & Jaksic, 2006). Since ant
guilds are frequently assumed to
reflect species function (Silva &
Brandão, 2010), this kind of grouping
can facilitate the understanding of
the affinity of the ants for caves. We
assume that the predominant use of
caves by highly specific guilds would
indicate a strong association with
caves. However, studies focused on
Fig. 1. Mariana municipality at Minas Gerais state, southeastern Brazil (A), a drawing of the
the subterranean characteristics and transects delimitation in the epigean environment (B) and distribution of iron ore caves in the
guilds that determine ant occurrence Gogo region (C). Red squares = Caves; green squares = Impacted Caves; white triangles = Mines.
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the cave floor) and five are mines (linear conduits for
mineral research, excavated by mining companies for
gold prospecting; they were created after gold mining
activity in the 19th and 20th century) (Pierre, 2011)
(Table 1). We standardized the use of the term “cavity”
since the term “cave” would not be appropriate for the
impacted caves and the mines.
Sampling ants in the hypogean
and epigean environment
We collected ants in April, June, November and
December 2011, and March 2012 to characterize the
hypogean myrmecofauna, from the entire area of the
cavity (from the water “dripline” at the cavity entrance
glossary of caving terms - nhvss.org.au/wp-content/
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publications/glossary.htm), to the deeper zones of
the caves). We made direct intuitive searches (Wynne
et al., 2019), with special attention to microhabitats
including under pieces of wood and rocks, as well as
at other organic debris, walls and moist soils (SouzaSilva et al., 2011; Bento et al., 2016). We also carefully
searched for ant nests and their larvae and pupae.
The field team was composed of four biologists highly
experienced in sampling subterranean dwellings.
We used fine tweezers, brushes and alcohol, 70%
concentration, for sampling. We hand-collected a few
specimens of each species. Although ant abundance
data was not used in our analyses, all specimens
(collected or observed - belonging to already sampled
species) as well as all sampling locations, were

Table 1. Genera and trophic guilds of ants in iron ore environment of the Iron Quadrangle of Minas Gerais. Epigean (E), Hypogean (H), Cave (CA),
Impacted Cave (IC), Mines (MI); following Silva and Brandão (2010) and Delabie et al. (2000).
TROPHIC
POSITION/
FORAGING
TYPE

RICHNESS
GUILDS

E

CA IC MI

Guild 1 (Large-sized epigaeic generalist
predators)
Anochetus sp.

1

0

0

0

0

Ectatomma sp.

1

0

0

0

0

1

1

1

0

1

0

1

1

0

1

1

1

1

0

1

1

0

0

0

0

Odontomachus chelifer
(LATREILLE, 1802)
Odontomachus meinerti
FOREL, 1905
Pachycondyla striata
SMITH, 1858
Pachycondyla sp.

Guild 2 (Medium-sized epigaeic generalist
predators)
Gnamptogenys sp.

1

0

0

0

0

Hylomyrma sp.

1

0

0

0

0

Guild 3 (Medium-sized hypogaeic generalist
predators)
Rogeria sp.

1

0

0

0

0

Hypoponera sp2

1

0

0

0

0

Guild 4 (Hypogaeic generalist predators with
vestigial eyes)
Hypoponera sp1, sp3

2

1

1

1

1

Guild 5 (Specialist predators living in the soil
superficial layers)
Acropyga sp.

0

0

1

0

DESCRIPTION

H
Body

Mandible

Eyes

>10 mm

Long triangular or
linear

Widely separated
and ommatidia
number > 10

5-10 mm

Triangular

5-10 mm

Triangular

2-5 mm
(Hypoponera)

Small triangular

2-10 mm

Large with wide gap

1

Guild 6 (Generalists: generalized
Dolichoderines, Formicines, and Myrmicines)
Carebara sp.

1

0

1

0

1

Camponotus crassus
MAYR, 1862

1

0

0

0

0

Camponotus rufipes
(FABRICIUS, 1775)

1

0

0

0

0

Camponotus spp.

4

0

0

0

0

Brachymyrmex spp.

3

2

2

2

2

Pheidole spp.

9

1

2

1

2

Linepithema spp.

1

1

1

0

2

Dorymyrmex sp.

1

0

0

1

1

Simopelta spp.

1

2

1

0

2

Tapinoma sp.

1

0

1

0

1

Wasmannia sp.

1

0

0

0

0

2-10 mm,
reduced or
absent sting
apparatus,
except for
Myrmicinae;
long legs and
scapes

Short and triangular

Ommatidia number
> 10 and eyes
placed relatively
high on head, away
from mandibles
Ommatidia number
0–1, reduced
eyes very close
to mandibular
insertion
Reduced to one
ommatidia and very
close to mandibular
insertion
0-1 ommatidia set
near mandibular
insertion and widely
separated

well-developed and
widely separated
eyes

International Journal of Speleology, 48 (3), 279-293. Tampa, FL (USA) September 2019

Predator/
epigaeic

Predator/
epigaeic

Predator/
hypogaeic

Generalist
foragers(?)/
hypogaeic
Specialist
predators/
hypogaeic and
subterranean

Omnivorous,
saprophagous,
granivorous/
epigaeic
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Guild 7 (Dacetini predators)

Strumigenys spp.

1

0

2

0

2

Guild 8 (Small-sized hypogaeic generalist
foragers)
Solenopsis spp.

2

1

2

0

(1): Very small
static pressure
or triangular to
elongate-triangular,
serial dentition,
2-10 mm,
maximum gap
divided into two 60–90°; (2): narrow,
groups (1) and
sublinear to linear
(2)
and long, small
number of distally set
teeth, enlarged apical
teeth, maximum gap
at least 170°(trap-jaw
mandibles)
>2 mm

2

The smallest of all
ants

(1): 0-1 ommatidia,
set very close
to mandibular
insertion. (2):
ommatidia number
>10

Specialist
predators/
hypogaeic

2–5 ommatidia or
vestigial eyes set
close to mandibular
insertion

Omnivorous(?)/
hypogaeic; few
studied

Guild 9 (Litter-nesting fungus-growers)
Acromyrmex sp.

1

0

0

0

0

Mycocepurus sp.

1

0

0

0

0

Atta spp.

2

2

2

2

2

Trachymyrmex sp.

1

0

0

0

0

Cyphomyrmex sp.

1

0

0

0

0

General description: cultivate a symbiotic fungus on
arthropod refuse and carcasses and/or dead or live plant
material; close to the generalized Myrmicinae in the
morphological space.

Fungivorous/
epigaeic,
hypogaeic

General description: strong relationship between ants
and trees, logs and organic matter may be used to obtain
resource for nesting.

Omnivorous/
hypogaeic
and epigaeic
foraging

Guild 10 (Arboreal ants)
Nesomyrmex sp.

1

0

0

0

0

Cephalotes pusillus (KLUG,
1824)

1

1

1

1

1

Cephalotes spp.

2

0

1

0

1

Crematogaster sp.

1

0

1

0

1

Pseudomyrmex spp.

3

0

1

0

1

Procryptocerus sp.

1

0

0

0

0

plotted on maps of each cavity, providing the spatial
distribution of each species within the cavities. Such
methodology minimizes impacts to the cavity fauna,
whereas the use of traps can significantly adversely
affect some population sizes (Weinstein & Slaney,
1995; Sharratt et al., 2000). The use of multiple
methods for invertebrate cave fauna sampling is
known to maximize the completeness of the survey
(Wynne et al., 2019). Despite this, we opted to not use
bait, since it could attract ants due to the proximity of
the iron ore cavities to the surface/epigean habitats.
In order to sample the epigean fauna, we established
two transects using the cavity entrance as the
intersecting center point (Fig. 1B). Transect lengths
and area varied. The sum of the transect lengths
used per cavity were identical to each cavity length.
(Fig. 1B). Epigean transects received direct intuitive
searches and hand-collect prioritizing spaces under
rocks, wood and leaf litter, in order to enable the
comparison between the two sampling sites. Due to
safety concerns, we did not apply this methodology to
six cavities with entrances in extremely steep terrain,
or those embedded in ditches or trenches. We did not
include these cavities in the comparisons between the
epigean and hypogean environments.
Identification of ants and characterization
of trophic guilds
We identified the specimens to species or genus
level using Baccaro (2006) and Baccaro et al. (2015)
and then sorted into morphotypes. All the sampled

ants are deposited in the Collection of Subterranean
Invertebrates (ISLA) of the Center of Studies on
Subterranean Biology (CEBS) at the Federal University
of Lavras (UFLA), municipality of Lavras, state of
Minas Gerais, Brazil.
We grouped the ants into trophic guilds by
genus according to Silva & Brandão (2010) and
the official homepage of Brazilian ants (https://
formigasdobrasil.com/). We based the trophic guilds
on body size, number of ommatidia and mandible
shape. We performed measurements with the aid of
an AXIO Zoom V16 – ZEISS stereomicroscope. We
included to Baccaro guild separation the arboreal
guild following the model proposed by Delabie et
al. (2000). We obtained information on the biology
of arboreal guild genera from the official homepage
of Brazilian ants (https://formigasdobrasil.com/).
Thus, it was possible to obtain information on feeding
requirements, morphological characteristics and
foraging habit according to Silva & Brandão (2010).
The names of each guild used in the current work are
presented in Table 1. It is worth mentioning that the
term hypogaeic used in some of the guilds separation
refers to the vertical stratification of ants, as they live
in the deepest soil layers (Schmidt & Solar, 2010). On
the other hand, the term hypogean is used when we
refer to the subterranean environment (cavities).
Recording environmental variables and parameters
The altitude and location of the cavities were
determined using a Garmin Etrex Vista Hcx GPS unit
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(Datum SAD 69 zone 23K). A geologist (Ataliba Coelho)
performed internal surveys in each cavity and elaborated
the topographic maps. The aforementioned researcher
obtained the cavities topography maps using compass,
clinometers Suunto and Leica laser tape measure.
The accuracy of the maps reached 5D, based on the
British Cave Research Association (BCRA) system. The
topography path followed the fixed base method. The final
cartography was performed in AutoCAD software, with
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georeferenced platform. The generated cartography also
enabled the elaboration of speleometric calculations,
including horizontal projection (discontinuity method),
unevenness, area and estimated volume. To calculate
the horizontal projection, the discontinuity principle
was used. Hence, we obtained morphometric data from
each cavity (length, slope, area, volume, number of
entrances, position and linear extension of entrances)
from the topographic maps (Table 2).

Table 2. Biotic and abiotic attributes of cavities and surroundings landscapes in Brazil, where ants were sampled. Cave (CA), Impacted Cave (IC),
Mines (MI), total richness in the hypogean environment (HS), total richness in the epigean environment (ES), Environmental Stability index values
(ESI), UTM coordinates (X and Y, zone 23K), horizontal projection (HP m), altitude (Alt m), slope (Sl), area (A), volume (V), number of entrances
(NE) and sum of the entrances extension (SE). No data (ND).
Cave

Type

HS

ES

ESI

X

Y

HP (m)

Alt (m)

Sl (m)

SPA-10

IC

3

ND

0.25

662584

7749095

26.50

829

1.00

SPA-16

IC

7

15

3.34

662455

7749090

71.00

890

4.70

SPB-07

IC

3

32

4.77

662194

7749295

84.60

914

0.90

SPB-17

IC

5

24

2.25

662446

7749101

63.00

898

1.00

SPB-50

IC

8

ND

1.50

661944

7749570

34.80

834

1.30

SPB-65

IC

3

ND

3.10

661958

7749546

168.00

860

8.00

SPD-03

IC

5

24

2.28

662062

7749343

102.00

917

SPD-27

IC

2

19

1.01

662157

7749701

38.70

SPA-35

MI

2

8

2.51

662143

7749113

13.40

SPA-62

MI

4

ND

3.54

662262

7748999

SPA-63

MI

4

ND

1.45

662281

7748984

SPA-74

MI

2

ND

3.31

661658

SPC-36

MI

2

29

2.42

662174

SPA-66

CA

4

7

0.56

SPB-10

CA

4

9

SPB-12

CA

5

10

SPB-45

CA

4

SPC-30

CA

6

SPD-10

CA

3

SPD-11

CA

3

V (m3)

NE

SE (m)

58.90

48

6

14.90

215.00

236

6

4.75

255.00

352

2

2.44

188.00

249

6

7.10

190.00

264

1

7.80

860.00

1368

1

7.60

3.20

272.00

133

4

9.25

911

4.70

137.00

160

2

22.10

948

12.0

24.80

58

1

1.09

46.00

947

4.40

46.00

72

1

1.33

7.10

947

1.10

8.60

8

1

1.67

7749688

45.00

923

2.30

59.30

74

1

1.65

7749145

12.40

936

9.80

21.20

62

1

1.10

662153

7749211

5.60

941

0.60

19.40

9

2

5.05

0.04

662026

7749294

13.60

932

17.0

76.40

63

2

10.2

2.27

662578

7749076

11.20

860

1.20

48.60

65

2

13

9

1.71

661674

7748887

20.80

1093

1.00

47.00

33

1

3.77

11

1.96

662064

7749078

20.70

982

0.90

38.00

24

1

2.92

6

0.67

662692

7749261

11.70

796

0.40

46.20

38

1

6

8

0.57

662678

7749255

17.70

805

0.50

102.00

191

1

10

We determined the environmental stability for
each cavity using the Environmental Stability Index
(ESI) (Ferreira, 2004; Bento et al., 2016; Pellegrini
et al., 2016), which considers the ratio between the
total length of the cavity, the width of entrances and
the distance between them. This index expresses
the isolation of the cavity habitat in relation to the
epigean environment and is calculated according to
the following formulas:
For cavities with just one entrance:

where ESI = environmental stability Index; TE = total
length of the cavity; EE = entrance extension.
For cavities with more than one entrance:

where TE = total length of the cavity; ΣEE = sum of
all entrances extension; EN = number of entrances;

A (m2)

ADE = average distance between entrances measured
from one reference entrance.
Data analysis
First we built a Venn diagram graphic in order
to illustrate the degree of species overlap among
the different types of cavities. We used the biocLite
function, limma package, in the R 3.2.4 software
(R Core Team, 2016)
In order to test species richness differences in
the average richness among caves, impacted caves
and mines, first we evaluated species richness data
normality based on the Shapiro-Wilk test. Since
data presented a normal distribution we conducted
an ANOVA followed for the Tuckey-test. We used the
AOV and the TukeyHSD functions, both from STATS
package. To represent it visually we constructed
a boxplot graphic. We conduced the analyses and
graphic using the software R 3.2.4 software (R Core
Team, 2016).
We examined differences among caves (n = 7),
impacted caves (n = 8) and mines (n = 5) using
nonmetric multidimensional scaling (nMDS) and
ANOSIM (analysis of similarities) with “Jaccard”
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distance index. We performed a bootstrap average
analysis to determine the level of spread within and
among three groups (Clarke & Gorley, 2015). We
performed the analysis using the software Primer -7
(Clarke & Gorley, 2015).
Moreover, we conducted a Mantel test using Bioestat
5.0 software (Ayres et al., 2007) to evaluate whether
the geographical distance among cavities influenced
the similarity of the hypogean myrmecofauna.
We conducted the same analyses to investigate average
richness differences and compositional variation
(n-MDS followed by ANOSIM) between epigean and
hypogean environments. Since data presented a nonnormal distribution we conducted the non-parametric
Kruskal-Wallis test, which is also appropriate for
different sample size data (McCune & Grace, 2002).
We used the KRUSKAL.TEST function, from STATS
package, using the software R 3.2.4 software (R Core
Team, 2016). We calculated the beta diversity to verify
the compositional variation between the aboveground
and subterranean ant fauna. The beta diversity can
be obtained from species substitution (turnover) or
species loss/gain (nestedness), and it is possible to
access the contribution from each process through
the beta diversity partitioning (Baselga & Orme, 2012).
To determine if the heterogeneity patterns among
cavities are the result of spatial turnover or nestedness
patterns we conducted the beta diversity partitioning.
We performed this beta diversity partitioning using
the BETA.MULT function, BAT package, in the R
3.2.4 software (R Core Team, 2016). This package
uses the “Sørensen” dissimilarity index to obtain
species turnover and the “Jaccard” index to determine
nestedness (Baselga & Orme, 2012).
We tested if the occurrence of guilds is independent
of the environment (epigean/hypogean) or of the
cavity type (caves, impacted caves and mines) using
chi-squared contingency table tests; CHISQ.TEST
function, VEGAN package, in the R 3.2.4 software (R
Core Team, 2016).
Finally we performed a generalized linear model
(GLM) in order to verify the relationship between species
richness with cavity type, altitude, cavity length, slope,
area, volume and environmental stability, using the
function GLM in the STATS package (we tested the
normality by the Shapiro-Wilk test). Since we obtained
nonparametric data, the error distribution with the
best fit was quasi-poisson. We performed GLM analyses
using the software R (R Core Team, 2016).

RESULTS
We identified a total of 59 ant morphotypes, which
belong to 6 subfamilies and 30 genera sampled in the
hypogean and epigean environments (Table 1). Only
five morphotypes occurred in the three cavity types:
the two Atta species, Carebara sp. 1, Hypoponera sp.
3 and Pheidole sp. 5 (Fig. 2).
Cavity ant richness, composition
and distribution patterns
In the hypogean environment, 26 species were
found overall, which belong to 5 subfamilies and 17

Fig. 2. Venn Diagram comparing the hypogean ant fauna found
in the three cavity types. CA = Caves; IC = Impacted Caves;
MI = Mines.

genera. Only one genus, Acropyga sp. (Formicinae)
was exclusively recorded in the cavities, but it is not
a troglobiotic species. In addition, six species were
exclusive to the hypogean environment: Tapinoma sp.
and Linepithema sp. (Dolichoderinae); Odontomachus
meinerti Forel, 1905 and Simopelta sp. (Ponerinae) and
two Strumigenys species (Myrmicinae). No nesting of
ants was detected inside the cavities, although it was
possible to observe ant worker aggregations in deeper
cavity regions, regardless of the cavity type. The
breakdown of species by cavity type was; 23 species
in impacted caves, 13 species in caves and 8 species
in mines. The list of ants collected in the hypogean
environment is presented in Table 1. The average
richness was significantly different (KW = 19.57,
p = 0.001) among impacted caves, caves and mines
(Fig. 3A, Table 2).
Half of the ant species observed in this study
(13 spp.) presented a single occurrence, and only
one species (Carebara sp.1) occurred in more than
14 cavities (Table 3). Morphotype composition across
the three groups (impacted caves, caves and mines)
was not significantly distinctive (ANOSIM R = -0.047,
p = 0.69). Furthermore, a significant correlation
was not found between similarity (morphotypes
composition) and the cavity geographical distance
(Mantel test, p = 0.5218, r = 0.0236).
Epigean and hypogean richness, composition
and diversity patterns of ants
Fifty-three species from 29 genera and 6 subfamilies
were recorded on the surface of 14 cavities (Table 3).
Overall, 32 species were found only in epigean
habitats. As expected, the average richness of the
epigean habitat was significantly higher than in the
hypogean (KW chi-squared = 20.313, p = 0.00001)
(Fig. 3B). Considering both epigean and hypogean
environments, the following morphotypes were
shared: two species of Brachymyrmex (Formicinae),
two species of Atta, Carebara sp., Cephalotes pusillus,
Cephalotes sp., Crematogaster sp., two species
of Pheidole, Solenopsis sp. and Strumigenys sp.
(Myrmicinae), Hypoponera sp., Odontomachus chelifer,
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Fig. 3. Average richness of ant species in different cavity types (A) and between hypogean and epigean habitats
(B) in southeast of Brazil.
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X
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X

X
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X
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X

X

X

X

X

X

X

X
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X

SPD-11

X
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Mycocepurus sp1

X

Linepithema sp3
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X
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Hypoponera sp1

Ectatomma sp1

Gnamptogenys sp1

Dorymyrmex sp1

Hylomyrma sp1
X

X

X

X

X
X

Cyphomyrmex sp1

Crematogaster sp1
X
X

X

X

SPD-27

Cephalotes sp2

Cephalotes pusilus

X

SPA-35

SPD-03

Cephalotes sp1

Carebara sp1

X

X
X

X

X

X
X

X

X

X

X
X

X
X

X

X
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X

X

X

X
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X
X

X

SPB-45

SPD-11

Camponotus sp4
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X
X

X

X

SPD-10

Camponotus sp2

Camponotus rufipes
X

X

Camponotus sp1

Camponotus crassus
X

X
X

SPB-10

HYPOGEAN

Brachymyrmex sp3

X

SPB-07

EPIGEAN

Brachymyrmex sp2

X

Brachymyrmex sp1

X

Atta sp2

Atta sp1

X

Anochetus sp1

SPA-16

Acropyga sp1

Acromyrmex sp1

Table 3. Ant species distribution between epigean and hypogean environments.
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X
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Procryptocerus sp1

Pheidole sp9

Pheidole sp8

Pheidole sp7

Pheidole sp5

Pheidole sp4
X

X

SPB-10

SPD-03

Pheidole sp3
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Odontomachus meinerti

Odontomachus chelifer

Nesomyrmex sp1
SPA-16

Pheidole sp6

Castro-Souza et al.

286

X

X
X

X

X

X

X

X

SPA-35
SPA-62
SPA-63
SPA-66
SPA-74
HYPOGEAN

SPB-07

X
X

X

X

SPB-10
SPB-12

X

SPB-17

X

X
X

SPB-45

X

SPB-50
SPB-65

X

X

X
X

X

X

X

X

X

SPC-30
SPC-36

X

SPD-03
SPD-10

X
X

SPD-11

X

SPD-27

Pachycondyla striata and Simopelta sp. (Ponerinae)
and Linepithema sp. (Dolichoderinae).
Significant differences were observed between ant
assemblages detected in the epigean and hypogean
habitats (ANOSIM R = 0.487, p = 0.001, Fig. 4). The
total beta diversity (βTOTAL) found between the epigean
and hypogean environments corresponded to 0.65.
This compositional heterogeneity is explained by a
nestedness pattern (βNESTEDNESS = 0.36; βTURNOVER = 0.28).
Ant richness and trophic guilds across cavities
The dominant guild in the epigean environment listed
in rank order include generalist ants (Dolichoderinae,
Formicinae, Myrmicinae, Pseudomyrmecinae and
Ectatomminae) (46.30%); arboreal (16.67%); litter-

nesting fungus-growers (11.11%) and large-sized
epigean generalist predators (9.26%). Dominant guilds
in the hypogean environment were also the generalist
ants (40%); large-sized epigean generalist predators,
litter-nesting fungus-growers and arboreal, (each at
13.33%). Regarding to the different types of cavities,
the dominant guild was also generalist, but with
different proportions: 50% (mines), 42.86% (caves)
and 34.78% (impacted caves) (Fig. 5).
The number of guilds observed in the epigean
habitats was slightly higher when compared to the
cavities (Fig. 5). Furthermore, the epigean habitat
contained some exclusive guilds, which were not
observed in the cavities, the guilds were the mediumsized epigean generalist predators and the medium-
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Fig. 4. Metric multidimensional scaling (MDS) and Bootstrap regions: 95% (100 bootstraps per group)
of ant species richness between epigean and hypogean habitats.

sized hypogaeic generalist predators (only observed in
the surroundings of cavities modified by man). The
cavities with the highest diversity of guilds were the
impacted caves (eight), caves (six) and mines (four). The
hypogean environment contained only one exclusive
guild: specialist predators living in the superficial soil
layers; (Acropyga sp.), which was present only in the
impacted caves category (Fig. 5).
The null hypothesis that the guild distribution is
independent of the environment or of the cavity type
was not rejected (chi-squared = 7.2645, p = 0.61; chisquared = 8.1774, p = 0.88; respectively).
Influence of the cavity abiotic variables on the
myrmecofauna
The richness of ants inside the cavities did not show
a significant relationship with environment variables

(type of cavity, altitude, distance between cavities,
cavity length, slope, area, volume, number and size
of entrances and environmental stability) (p ≤ 0.05).

DISCUSSION
Studies related to the myrmecofauna from Brazilian
caves (Ferreira, 2000; Dáttilo et al., 2010; Dáttilo et
al., 2012) and in the world (Wilson, 1962; Tinaut &
Lopez, 2001; Roncin & Deharveng, 2003; Moulds,
2006; Batucan & Nuñeza, 2013; Figueras & Nuňeza,
2013; Wynne & Voyles, 2013; Dejean et al., 2015;
Pape, 2016; Naka & Maruyama, 2018) are limited
regarding ant ecological function in the subterranean
environment (Table 4). Ants usually are not target
species for ecological studies in caves, as are other
invertebrate groups – e.g., amphipods, cave
salamander, copepods, beetles, isopods and
spiders, as highlighted in a recent study
surveyed by Mammola (2019). Furthermore,
most of the studies in Brazil only report the
occurrence of ants in caves (in general inventory
studies), and ants were usually not identified
beyond the family level (Table 4). Thus, this is
one of the first studies examining cave use by
ants especially in a poorly understood system,
as are the iron ore cave systems.

Fig. 5. Percentage and diversity of guilds in the epigean and hypogean
environments for the different types of cavities. Legend: E/CA (epigean
environment of caves), H/CA (hypogean environment of caves), E/IC (epigean
environment of impacted caves), H/IC (hypogean environment of impacted
caves), E/MI (epigean environment of mines), H/MI (hypogean environment
of mines), E/O (overall epigean), H/O (overall hypogean). The different colors
represents the guilds are: G1 (Large-sized epigaeic generalist predators),
G2 (Medium-sized epigaeic generalist predators), G3 (Medium-sized hypogaeic
generalist predators), G4 (Hypogaeic generalist predators with vestigial eyes),
G5 (Specialist predators living in the soil superficial layers), G6 (Generalists:
generalized Dolichoderines, Formicines, and Myrmicines), G7 (Dacetini
predators), G8 (Small-sized hypogaeic generalist foragers), G9 (Litter-nesting
fungus-growers) and G10 (Arboreal ants).

Cavity ant richness, composition
and distribution patterns
In Brazil there are three studies focusing on
cave ant ecology (Ferreira, 2000; Dáttilo et al.,
2010; Dáttilo et al., 2012). The study of Dáttilo
et al. (2012) recorded 24 species in 27 natural
cavities, a richness similar to that observed in
the present study (26 species in 20 cavities).
Furthermore, five of the 11 genera observed by
Dáttilo et al. (2012) (Cephalotes, Crematogaster,
Odontomachus, Pheidole and Solenopsis) were
also found in cavities in this study. However, from
those genera, only one presented an occurrence
of a single morphospecies in more than five
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Table 4. Ant assemblages recorded in Brazilian cavities between 1987-2019 by other authors.
Subfamily/Genus

1

2

3

4

5

6

7

8

9

10 11 12 13 14 15 16 17 18 19 20 21

Amblyoponinae

+

Cerapachyinae
Acanthostichus kirbyi Emery, 1895
Myrmicinae

+

Acromyrmex spp.

+

+

+

+

+

+

+
+

Atta sexdens (LINNAEUS, 1758)
Atta spp.

+
+

+

+

+

+

Cephalotes bruchi (FOREL, 1912)

+

Cephalotes sp.

+

Crematogaster sp.

+

Pheidole spp.

+

+

Solenopsis spp.

+

+

Strumigenys spp.

+

+

+
+

+

+

+

+

+

+

Wasmannia auropunctata
(Roger, 1863)

+

Formicinae

+

+

+

+

Brachymyrmex spp.
Camponotus femoratus
(FABRICIUS, 1804)

+

+

+

+

+

+

+
+

+

Camponotus spp.

+

+

+

+

Nylanderia sp.

+
+

Paratrechina spp.
Dolichoderinae

+

+

+

+

+

+

Azteca sp.

+

Forelius spp.

+

+

+

Iridomyrmex spp.

+

Linepithema spp.

+

Pseudomyrmecinae

+

+

+

+

+

+

+

+

+

+

+

+

Pseudomyrmex spp.
Ecitoninae
Labidus coecus spp.
Labidus spp.
Neivamyrmex spp.
Ponerinae

+
+

+

Gnamptogenys spp.
Hypoponera spp.

+

+

+

+
+

+

+

+

+

+

+

+

+

+

+
+

+

+

+

Leptogenys sp.

+

Odontomachus spp.
Pachycondyla spp.

+

+
+

+

+

+

+

+

+

+

+

+

Legend: (1) Trajano (1987); (2) Moreira and Paiva (1988); (3) Trajano and Gnaspini-Netto (1991); (4) Trajano and Moreira (1991); (5) Trajano
(1992); (6) Gnaspini and Trajano (1994); (7) Gnaspini et al. (1994); (8) Pinto-da-Rocha (1995); (9) Souza-Silva and Ferreira (2009); (10) Trajano
and Bichuette (2009); (11) Ferreira et al. (2010); (12) Bernardi et al. (2011); (13) Souza-Silva et al. (2011); (14) Soares at al. (2013); (15) Gallão
and Bichuette (2015); (16) Souza-Silva and Ferreira (2015); (17) Simões et al. (2015); (18) Ferreira et al. (2016), (18) Zepon and Bichuette
(2017), (19) Bichuette et al. (2017), (20) Sousa et al. (2017), (21) Bichuette et al. (2019).

cavities (Solenopsis), the others were restricted to
four or fewer cavities. The higher frequency of those
two genera may be explained not only by their wide
distribution throughout the continent (Brandão,
1999), but also by the possible affinity of these
genera for foraging in underground environments.
Solenopsis genera is usually more easily found in the
hypogaeic assemblage than on the surface (Fowler et
al., 2000). The others may be opportunistic or even
accidental species. The high connectivity of iron ore
cavities with the surrounding epigean environment
(Ferreira, 2005), favors organic matter accumulation
near cavity entrances, providing potential places for

foraging and favoring the access to the subterranean
habitats (Pape, 2016), enlarging cave ant richness by
those opportunistic species.
On the other hand, the ant species found in cavities
were restricted to a very few occurrences, being more
widespread within the surface environment. This
finding indicates a low affinity of those restricted
species for the subterranean environment. In deeper
portions of the cavities, the scarcity of food resources
may restrict the occurrence of many species (Culver &
Pipan, 2019), including ants.
The presence of pre-adaptations to subterranean
environments such as mechanisms for orientation in
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aphotic habitats and presence of metapleural glands,
especially present in edaphic species, precludes
characterizing most ant species as accidental.
However, these characteristics do not necessarily
lead to the use or colonization of the subterranean
environment. It is important to highlight that ants
may effectively take part in the cavity community
in several ways, either through their trophic
contribution, by depositing ant midden materials
(Ferreira, 2000) or being competitors and predators e.g., Solenopsis invicta (Pape, 2016) and decomposing
processes (Cokendolpher et al., 2009; Pape, 2016).
They can also be considered as invasive species
(Ferreira, 2019). Despite the many observations of ant
species in Brazilian caves and in the world, only two
are considered as truly troglobiotic species. The first
is a Ponerine ant, Leptogenys khammouanensis Rocin
& Deharveng, 2003 from Laos (Rocin & Deharveng,
2003). The second species was recently discovered
and described, is a Myrmicinae ant, Aphaenogaster
gamagumayaa Naka & Maruyama, 2018 found in
Japan (Naka & Maruyama, 2018).
Epigean and hypogean richness, composition
and diversity patterns of ants
The comparisons of epigean and hypogean ants in
this study showed that even with the high connectivity
between environments (Ferreira 2005), lower ant
species richness was found in the subterranean
habitats. This scarcity of ant species that colonize the
subterranean environment also reflects the number
of troglobiotic ant species, as mentioned earlier.
According to Wilson (1962), the organization of ants in
colonies requires a minimum population sizes. Large
ant populations allow sufficient genetic variability
between the different reproductive castes, which
would enable speciation in caves (Wilson, 1962). The
oligotrophy stresses in caves hinder the existence of
large ant colonies. Alternatively, smaller colonies sizes
and increased polygamy and polygyny, are more likely
to occur in the subterranean environment (Tinaut &
Lopez, 2001). However, these changes can lead to the
deconstruction of ant social life (Tinaut & Lopez, 2001).
These environmental conditions of the subterranean
habitat and ant behavioral characteristics are probably
the main drivers of the beta diversity pattern found in
this study. We suggest the nesting component is the
primary factor responsible for the differences observed
among environments. Furthermore, ant nests were not
found inside the sampled cavities, suggesting that the
individuals detected within cavities likely represented
individuals from surface populations. Thus, it seems
that the ants enter the cavity only for foraging.
Richness and trophic guilds among cavities
Caves can be considered extreme or harsh
environments for most surface and soil organisms
(Howarth, 1983) and these environments are more
likely to support animals that can deal with a large
variety of conditions and resource supplies. Ants
often exhibit a high specificity for habitat type, as
exemplified by hypogaeic, leaf litter and arboreal ants
(Silva & Silvestre, 2004; Nascimento, 2011; Figueiredo
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et al., 2013). Hence, it is expected that some guilds
would not be able to tolerate the cavity harshness. In
this perspective, the dominance of guilds composed
of generalist ants (Dolichoderinae, Formicinae and
Myrmicinae) was expected since oligotrophy usually
favors species with less restrictive diets. On the other
hand, specialist species tend to be less common in
cave environments. However, the predominance of
generalist guilds was observed both in the epigean
and hypogean environments. This pattern may be
explained by the fact that it is the most common
trophic guild, covering less restrictive diets within
ants (Delabie et al., 2000; Silva & Brandão, 2010).
Litter-nesting fungus-growing ants present in the
cavities obtain their resources from decomposing
organic matter and guano present in such habitats
(Dáttilo et al., 2012; Dejean et al., 2015).
Impacted caves in this study contained more
microhabitats when compared to artificial and natural
galleries. We infer that human actions transformed
such cavities into a more diversified environment,
since excavations created larger, branched conduits,
and made more microhabitats available due to the
presence of collapsed rocks associated with the cavity,
potentially providing more niches for ants. A pattern
well recognized by the scientific community is that
diversity in one level of the ecosystem tends to beget
diversity in other levels (Armbrecht et al., 2004). This
may explain the pattern found in this type of cavity.
Although the different types of cavities have a
distinct habitat structure, the microclimate and
trophic conditions remain similar, which allows the
high similarity among the ant assemblages. Studies
comparing the invertebrate fauna in natural cavities
and artificial galleries speculate that the faunal
similarity results from similar physical and tropic
conditions (Peck, 1988; Ferreira, 2004; Bernardi,
2011). Moreover, the predominance of generalist
species reduces the differences of composition among
cavities, since generalist species can colonize a large
range of environments. However, in the present
study, a lower diversity of guilds was observed for
mines. Furthermore, the guilds in artificial galleries
contained a higher percentage of generalist species,
thus allowing the inference that these environments
do not follow the same pattern for ants, even with
physical conditions common to other types of cavities.
This situation was probably caused by the lower
environmental heterogeneity of the artificial galleries
when compared to the natural cavities and those
modified by man, which are characterized by linear
and homogeneous conduits.
Although it was expected that guilds containing
large-sized epigean generalist predators and mediumsized epigean generalist predators would occur only
in the epigean environment, due to the oligotrophy
condition found in cavities, predators were found in
both preserved and impacted caves. Their occurrence
is probably explained by less competition with other
predators, since cavities can act as biological filters
preventing the colonization of many species (Culver &
Pipan, 2019), mainly in the those preserved, in which
generalist predator ants occurred more frequently.

International Journal of Speleology, 48 (3), 279-293. Tampa, FL (USA) September 2019

Castro-Souza et al.

290

Lastly, it was observed that arboreal ants occur in a
broader spectrum than could be previously expected.
We speculate that this guild can be foraging in other
environments including iron-ore cavities.
The result of a chi-square test reinforces that there
is no subterranean filter for trophic guilds across
the three cavity types. In this sense, the distribution
of myrmecofauna in the study region occurs
independently of the environment and type of cavity
with which they were detected.
Influence of the subterranean abiotic variables
on the myrmecofauna
The environmental variables analyzed did not
appear to influence the richness of ant assemblages.
Although the species-area relationship is remarkable
in ecology (MacArthur & Wilson, 1967), this relation
was not observed for the myrmecofauna in the present
study. Richer subterranean invertebrate communities
are usually associated with larger habitats (regarding
cavity size) (Ferreira, 2004; Simões et al., 2015;
Ferreira & Pellegrini, 2019) and this relationship
tends to be more pronounced in iron ore caves, when
compared to cavities in other lithologies (Souza-Silva
et al., 2011). However, this study, as well as that of
Dattilo et al. (2012) did not find this relationship. Ants
were not related to other environmental variables, and
this may be due to a weaker association with cavities
when compared to troglophilic invertebrates. Thus, it
is possible to infer that most of the ants can enter
sporadically (or even constantly) in subterranean
systems, being “transient” in these systems, without,
in fact, establishing colonies. Accordingly, since
they do not live preferentially in these habitats,
the structure of their assemblages is only weakly
determined (or influenced) by the physical variables
of these habitats.
Final considerations
Even though cavities are restrictive to colonization by
many kinds of organisms, iron ore cavities supported
a significant portion of the local epigean ant diversity.
Constraints to the ant fauna use of the cavities in
this study did not present a significant relationship
with cavities physical characteristics. Most of the
ant assemblages observed are generalist groups.
Therefore, such organisms may take part indirectly
(as opportunists) and/or directly in the community
and subterranean environment by interspecific
interactions. Ants can also transport nutrients into
caves - e.g., by ant middens (Ferreira, 2000), and
eventually remove nutrients from the cavities - e.g.,
by collecting food resources from bat guano deposits
(Ferreira, 2019).
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Abstract:

The current work extends the phenotypic characterization of a bacterial culture collection
obtained from white, yellow, grey or pink microbial cave wall colonies that are common in
the caves of Slovenian Karst. We have determined antibiotic resistance to 22 natural and
synthetic antibiotics in 69 isolates from the microbial mats. Thirty-eight isolates (52%) were
resistant to 1-5 antibiotics; another 27 isolates (37%) were resistant to 6-10 antibiotics;
and 7 isolates (0.1%) were resistant to 11-17 antibiotics. We screened for production of
antimicrobial compounds by growing cave isolates on five different media and overlaying
individual cultures with ten Gram-positive and Gram negative multidrug resistant isolates.
Out of 78 isolates tested, 15.3% showed antimicrobial activity against Escherichia coli DH5,
15.3% against extended-spectrum β-lactamase producing Escherichia coli, 3.8% against
Salmonella enterica serovar Typhimurium TL747, 9% against Klebsiella pneumoniae ATCC
BAA-1706, 9% against carbapenem-resistant Klebsiella pneumoniae ATCC BAA-1705, 7.7%
against Bacillus cereus, 20.5% against Bacillus subtilis, 9% against Listeria monocytogenes,
19.2% against methicillin-resistant Staphylococcus aureus, and 20.5% against methicillinresistant Staphylococcus pseudointermedius. Results showed the potential of cave microbes
to suppress the growth of multi-resistant pathogens, and, a relatively high resistance to
antibiotics.
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INTRODUCTION
The discovery of antibiotics and their successful
clinical use is considered the most significant
development in the history of medicine. However, the
acquisition and spread of antibiotic resistance genes
among pathogenic bacteria has dramatically reduced
the choice and effectiveness of many antibiotics
available today for the treatment of infections in
humans and animals.
The production of antibiotics and resistance
determinants is ubiquitous in bacteria in which
resistance gene products neutralize or detoxify the
secondary metabolites produced by the same or
neighboring cells. Resistance genes are often linked to
and coregulated with the antimicrobial biosynthesis
genes. Hence, the widespread occurrence of antibiotic
resistance in environmental bacteria is an important
indicator of antibiotic production, as seen in soil
(D’Costa et al., 2006; Nodwell, 2007).
*lejla.pasic@ssst.edu.ba

Environmental microbes remain an important source
of novel bioactive compounds due to their ability to
spread and colonize other environments, organisms,
and along the food chain and facilitate the resistance
transfer to other pathogens (Martínez, 2008; Wright,
2010; Bondarczuk et al., 2016; Cycón et al., 2019).
Thus, it is important to establish surveilance and
monitoring of environmental resistances as recently
proposed by WHO as part of a One-health approach
(McEwen & Collignon, 2018).
Today, more than 80 percent of chemotherapeutic
antibiotics originate from secondary metabolism from
well-studied soil Actinobacteria (de Lima Procópio et
al., 2012). Over the past decades, the discovery rate of
natural antibiotics has been steadily declining, moving
the search for novel bioactive molecules towards other
environments, including those considered ‘extreme’
from the anthropocentric point of view.
In this respect we have decided to supplement the
diversity data of microbial mats that colonize the
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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walls of a karst cave (Herzog-Velikonja et al., 2014)
and extend the phenotypic characterization of these
bacterial isolates from the culture collection. Caves
are considered extreme environments due to absence
of light, lack of direct contact with the surface
primary production, permanent climatic conditions,
and scarce and often highly complex nutrients (Lee
et al., 2012).
Previous
culture-independent
studies
have
established that cave microbial mat communities
are dominated by yet-to-be-cultivated members of
Actinobacteria and Proteobacteria (Pašić et al., 2009;
Porca et al., 2012). Cultivation-dependent approach
has resulted in a description of 80 unique isolates,
most of which could not be affiliated with validly
described species and hence likely represent novel
taxa (Herzog-Velikonja et al., 2014).
In this study, we hypothesized that the cave
conditions impact the growth of cave mat bacteria in
the form of delimited mat communities. This would
result in high local production of antimicrobials and
corresponding high resistance to these compounds.
This gives a great potential for further use of isolated
strains as a source of novel bioactive compounds.
To establish the potential of cave microbes as an
antimicrobial resistance source we evaluated the levels

of antibiotic resistance to 22 natural and synthetic
antibiotics. To establish the potential of cave microbes
as a source of novel antimicrobial compounds, we
determined their bactericidal activity against ten
selected Gram-positive and Gram-negative multidrug
resistant clinical isolates.

MATERIALS AND METHODS
Origin of the isolate collection
Bacterial strains were isolated from yellow, grey,
and pink microbial mats from the walls of Pajsarjeva
jama (Pajsar Cave) (Fig. 1A) and taxonomically
evaluated in a previous study (Herzog-Velikonja et
al., 2014). Their taxonomic affiliation is presented in
Figure 1B. Pajsarjeva jama is located 20 km southwest of Ljubljana, Slovenia (45°49'51"N, 14°16'15"E),
is 555 m long, and contains a small stream that flows
underground through the cave. Its air temperature
is 12°C with minor oscillations year-round, and the
humidity reaches 100%. The 80 unique isolates were
obtained in pure cultures on five different growth media
with different nutrient concentration as described
previously (Herzog-Velikonja et al., 2014). The isolates
are preserved in culture collection at Biotechnical
Faculty, University of Ljubljana, Slovenia.

Fig. 1. A) Microbial mats in Pajsarjeva jama under stereomicroscope; photo: L. Pašić, B. Sket; B) Maximum likelihood tree depicting phylogenetic
positioning of 80 Pajsarjeva jama isolates belonging to Actinobacteria (green), Firmicutes (grey), and Proteobacteria (red).

Screening the Pajsarjeva jama isolate collection
for the presence of antibiotic resistance
Bacterial cultures that were grown for 48 h at 30°C
(Laiz et al., 2003) in Mueller-Hinton liquid medium
were diluted to match a 0.5 McFarland turbidity
standard. To obtain uniform growth, we streaked 4
mm-thick Mueller-Hinton agar plates three times with
the cotton swab, rotating the plate for 90° in between

streaks. The plates were air-dried under sterile
conditions for 5 min and discs impregnated with
antibiotics (Hardy Diagnostics, OxoidTM) were then
placed on the surface. To comply with manufacturer’s
instructions, the plates were left at room temperature
for 15 mins and were then incubated for 24 h at
37°C. We then determined the diameter of the zones
of inhibition and classified cultures as resistant as
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per manufacturer’s instructions (Hardy Diagnostics,
OxoidTM). We determined the levels of resistance
to 22 natural and synthetic antibiotics, whose
characteristics are presented in Table 1.
Screening the Pajsarjeva jama isolate collection
for antimicrobial activity
Cultivation conditions
The Pajsarjeva jama bacterial isolates, preserved as
glycerol stocks, were plated onto tryptic soy agar (Difco,
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USA) in quintuplicates and incubated for 48 h at 30°C
as suggested by Laiz et al. (2003). Plates containing
individual isolates were subsequently replica plated
onto five different growth media in triplicates and
incubated for further 48 h at 30°C. The five media
were chosen based on their different ability to elicit
the production of antibiotics and were Mueller-Hinton
agar (Difco, USA), M9 minimal medium with glucose
agar, tryptic soy agar (Difco, USA), Luria-Bertani (LB)
agar (Difco, USA), and Nutrient agar (Difco, USA).

Table 1. Characteristics of antibiotics used in this study.
Mode of action

Antibiotic

Action

Resistance*

Disk potency
(µg)

Inhibitors of cell-wall synthesis
β -lactams
2nd generation
cephalosporine

Modified β-lactams

Ampicillin

Natural

Variable

10

Penicillin

Natural

Variable

10

Cefaclor

Synthetic

Variable

30

Cefotaxime

Synthetic

Moderate

30

Ceftazidime

Synthetic

Moderate

30

Cefpodoxime

Synthetic

Moderate

10

Cefepime

Synthetic

Rare

30

carbapenem

Ertapenem

Synthetic

Moderate

10

carbapenem

Imipenem

Synthetic

Moderate

10

Azithromycin

Synthetic

Moderate

15

Erythromycin

Natural

Moderate

15

Tobramycin

Natural

Widespread

10

Gentamicin

Natural

Widespread

10

Chloramphenicol

Natural

Moderate

30

Florfenicol

Synthetic

Moderate

30

Clindamycin

Synthetic

Moderate

2

Ciprofloxacin

Synthetic

Rare

5

3rd generation
cephalosporine
3rd generation
cephalosporine
4th generation
cephalosporine

Inhibitors of protein synthesis
Macrolides

Aminoglycosides
Lincosamide
Inhibitors of DNA/RNA synthesis
Quinolones
Inhibitor of DNA synthesis, breaks down DNA

Nalidixic acid

Synthetic

Rare

30

Metronidazole

Synthetic

Rare

25

Rifampin

Natural

Moderate

5

Inhibitor of RNA synthesis

Trimethoprim

Synthetic

Moderate

5

Inhibitor of folic acid synthesis

Nitrofurantoin

Synthetic

Rare
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*The Center for Disease Dynamics Economics and Policy. ResistanceMap: Antibiotic resistance. 2019. https://resistancemap.cddep.org/
AntibioticResistance.php. Date accessed: May 31, 2019.

The production of antimicrobial compounds by cave
isolates was screened as follows. Antibiotic-resistant
indicator strains were grown overnight at 37°C in 10
ml of liquid LB medium. We used ten indicator strains.
Strains Klebsiella pneumoniae ATCC® BAA-1706™
and carbapenem-resistant Klebsiella pneumoniae
ATCC® BAA-1705™ were obtained from the American
Type Culture Collection (USA). Strains Escherichia
coli DH5 (no antibiotic production), Salmonella
enterica serovar Typhimurium TL747, Bacillus cereus
and Bacillus subtilis were obtained from the Genetic
Laboratory Microbe Culture Collection at Department
of Biology, Biotechnical Faculty, University of
Ljubljana, Slovenia. Strains extended- spectrum
β-lactamase producing Escherichia coli Ž39, Listeria
monocytogenes, methicillin-resistant Staphylococcus
aureus, and methicillin-resistant Staphylococcus

pseudointermedius were obtained from the Institute of
Microbiology and Parasitology at Veterinary Faculty,
University of Ljubljana, Slovenia.
Antimicrobial activity screens
The production of antimicrobial compounds from
Pajsarjeva jama isolate collection was established using
soft-agar overlay technique (Hockett & Baltrust, 2017).
Briefly, the Pajsarjeva jama isolate cultures were grown
on agar for 48 h at 30°C, upon which the colonies were
lysed by exposure to chloroform vapors for 10 min.
Residual chloroform was removed by airing the plates
for 20 min, and the cells were overlaid with 3 ml of
soft agar that contained 200 µl of overnight culture of
respective indicator strain. The prepared plates were
incubated at 37°C for 24 h upon which we recorded the
occurrence and the diameter of growth inhibition zones.

International Journal of Speleology, 48 (3), 295-303. Tampa, FL (USA) September 2019

Ambrožič Avguštin et al.

298

Statistical analysis
In order to identify growth media with significant
effects on antibiotic production, we collected the data
on antibiotic production on different growth media, we
then log(10) transformed the data, performed one-way
ANOVA and calculated the difference between each
pair of means using Fisher’s least significant difference
procedure as implemented in Excel software.

RESULTS
Antibiotic resistance screen
of Pajsarjeva jama isolates
We conducted antibiotic resistance screens on 69
isolates (71% Gram-positive; 29% Gram-negative)
from our culture collection that grew on MullerHinton agar. While resistance to most antibiotics
differed with the organisms tested, all organisms were
sensitive to rifampin.
Antibiotic resistance in Gram-positive isolates
Resistance profile for 48 Gram-positive isolates is
shown in Figure 2. Resistance to the cell-wall inhibitors
was lowest for carbapenem antibiotic imipenem (4.1%)
and cefepime (8.2%), a 4th generation cephalosporine.
Gram-positive isolates were also highly resistant to

modified beta-lactam antibiotics, where resistance levels
ranged from 53.1% (cefaclor) to 65.3% (cefpodoxime).
Within the protein synthesis inhibitor group,
isolates were least resistant to aminoglycoside
gentamicin (2.0% resistant isolates) and macrolide
azithromycin (4.1% resistant isolates). The highest
levels of resistance were recorded for aminoglycosides
florfenicol (59.2%) and clindamycin (65.3%). Isolates
were also highly resistant to DNA synthesis inhibitors
particularly quinolones, i.e. nalidixic acid (79.6%) and
metronidazole (87.8%), while the resistance levels of
inhibitor of RNA synthesis trimethoprim (44.9%) and
folic acid inhibitor nitrofurantoin (40.1%) were in
intermediate range.
With the exception of two Streptomyces isolates
that were sensitive to all antibiotics, all Grampositive isolates were classified as multi-resistant,
that is resistant to at least two antibiotics belonging
to different chemical classes (Godebo et al., 2013;
Exner et al., 2017). Ten isolates were resistant to
1-5 antibiotics; another 19 isolates were resistant
to 6-10 antibiotics; and 17 isolates were resistant
to 11-17 antibiotics. Within the latter group, isolate
Oerskovia sp. B22 was resistant to 17 antibiotics, and
Micrococcus sp. B43 was resistant to 15 antibiotics
(Table 2).

Fig. 2. Antibiotic resistance levels in Pajsarjeva jama isolates belonging to Gram-positive bacteria against
various antibiotics.
Table 2. Range of antibiotic resistance to different antibiotics in Gram-positive isolates with respect to isolate genus.
Genus
Aerococcus

Number of isolates

Number of resistances per isolate

2

8, 14

Agrococcus

1

4

Arthrobacter

2

5,11

Bacillus

1

7

Kocuria

2

6,14

Microbacterium

2

11,13

Micrococcus

9

5, 6, 6, 7, 8, 10, 13, 14, 15

Oerskovia

2

14,17

Paenibacillus

2

7,11

Rhodococcus

8

7, 7, 7, 7, 8, 11, 11, 13

Streptomyces

17

0, 0, 3, 3, 4, 4, 4, 4, 7, 9, 10, 10, 11, 11, 11, 11, 12
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Antibiotic resistance in Gram-negative isolates
Resistance profile for 19 Gram-negative isolates is
shown in Figure 3. Levels of resistance to inhibitors
of cell-wall synthesis ranged from 5.3% for cefepime
to 78.9% for cefaclor. Among inhibitors of protein
synthesis, isolates were highly resistant to macrolide
erythromycin (73.6%) and lincosamide clindamycin
(78.9%), and most sensitive to gentamicin (21.1%
resistant isolates). Among inhibitors of DNA/
RNA synthesis, the isolates were most resistant to
quinolone metronidazole (89.5% resistant isolates),
and least resistant to ciprofloxacin (21.1% resistant
isolates).
All Gram-negative isolates were resistant to at
least four antibiotics from two different groups and
were classified as multi-resistant. Two isolates were
resistant to 4 and 5 antibiotics, another six isolates
were resistant to 6-10 antibiotics, and 11 isolates
were resistant to 11-18 antibiotics. The highest levels
of resistance were found in isolates Mesorhizobium
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sp. B13 (18 antibiotics) and Pseudomonas sp. B34 (15
antibiotics) (Table 3).
Antibiotic production
We tested 78 isolates (29% Gram-negative, 71%
Gram-positive), from our culture collection for the
production of growth inhibiting compounds. Thirtysix isolates (46%) inhibited the growth of at least
one indicator strain. Twenty-three (29.5%) isolates
inhibited the growth of two to nine indicator strains,
while thirteen inhibited the growth of one indicator
strain. The Gram-positive and Gram-negative isolates
were equally effective in inhibiting the growth of
indicator strains: 28 isolates inhibited the growth
of Gram-positive indicator strains and 27 isolates
inhibited the growth of Gram-negative indicator
strains. As depicted in Table 4, most microbial mat
isolates demonstrated unique patterns of antimicrobial
activity. In general, most isolates suppressed the
growth of B. subtilis (20 isolates, 25.6%), S. aureus

Fig. 3. Antibiotic resistance levels in Pajsarjeva jama isolates belonging to Gram-negative bacteria
against various antibiotics.
Table 3. Range of antibiotic resistance to different antibiotics in Gramnegative isolates with respect to isolate genus.
Number
of isolates

Number of resistances
per isolate

Agrobacterium

6

9, 9, 12, 12, 12, 13

Bosea

1

5

Lysobacter

4

7, 7, 10, 12

Mesorhizobium

1

18

Pseudomonas

6

8, 14, 14, 14, 14, 15

Sphingomonas

1

4

Genus

MRSA (20 isolates, 25.6%) and S. pseudointermedius
MRSP (18 isolates, 23.1%), demonstrating their
potential as a tool in combating multi-resistant
pathogenic bacteria. Furthermore, 15.4% of isolates
inhibited the growth of ESBL E. coli Ž39, and 10%
isolates inhibited the growth of Salmonella enterica
subsp. Typhimurium and Listeria monocytogenes. The
growth inhibition was lowest for indicator strains of
Klebsiella pneumoniae and Bacillus cereus (inhibited
by 0.1% of isolates). The three most active isolates

exhibited activity against seven and nine indicator
strains, respectively, and corresponded to Bacillus
sp. B1, Pseudomonas sp. AM82, and Streptomyces sp.
AM91.
The effect of media choice
on antibiotic production
We attempted to trigger 78 bacterial isolates to
produce different secondary metabolites by incubating
them on five different growth media that differed in
nutrient composition. While these media differed in
their ability to elicit production of antibiotics (Table 5),
this difference was not statistically significant
(F = 1.09; P < 0.05).

DISCUSSION
In this study, a bacterial culture collection
originating from the microbial mats that grow on the
walls of Pajsarjeva jama in Slovenia was screened for
the production of antimicrobials and resistance to
antibiotics. Growth of color distinct microbial mats,
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Aerococcus (G+)

B37

+

Bx

+

Kocuria (G+)

+

B35

+

B21

+

+

+

5

+

+

+

4

+

+

+

+

+

+

+

9

+

+

3

+

1

+

+

+

5

+

+

+

+

3

B9

+

+

+

+

3

+
+
+

+

+

B8
AM71

+

AM78

+

+

+

+

+

+

+

+

+

7

+

+

5

+

+

+

5

+

+

+

6
1

AM68

1

+
+

B27

+

+

+

+

+

+

+

2
+

+

+
+

+

+
+

AM84

+

+

+

+
+

+

AM72

+

AM93

1

+

+

+
+

+

+
+

AM108

+

+

+

7
5

+

+

N of isolates

9

12

8

7

7

6

20

8

20

18

% of all isolates

11.5

15.4

10.2

0.1

0.1

0.1

25.6

10.2

25.6

23.1

o

2
1

+
+

5
1

AM90

+

2
1

+

AM74

5
1

AM97
PB4

5
1

+

30

AM91

2
+

+
+

B31

AM66

+
+

+

B36

1
1

+

AM64

B20

1

+

B34

Streptomyces (G+)

6

B25

AM82

Sphingomonas (G-)

+

1
+

B11

Rhodococcus (G+)

S. pseudointermedius
(MRSP)4

+

B32

Pseudomonas (G-)

4

+

B17
Micrococcus (G+)

S. aureus (MRSA)3

B. subtilis

B. cereus

L. monocytogenes

+

Total

+

+

B1
AM121

Lysobacter (G-)

+

+

B60

Bacillus (G+)

+

+

B41

Agrobacterium (G-)

+

K. pneumoniae ATCC® BAA
-1706

+

K. pneumoniae ATCC® BAA
-1705 (CPE)2

B18

S. enterica s. Typhimurium
TL 747

Isolate name

E. coli Ž391 (ESBL)

Taxonomic affiliation/
Gram stain

E. coli DH5

Table 4. Antimicrobial activity of individual Pajsarjeva jama isolates against 10 selected pathogenic indicator strains. The isolates are grouped
according to their taxonomic affiliation at genus level.

2

Legend: 1ESBL – extended spectrum beta-lactamase; 2CPE – carbapenem resistant enterobacterium; 3MRSA – methicillin-resistant S. aureus;
4
MRSP – methicillin-resistant S. pseudointermedius
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Table 5. Numbers of Pajsarjeva jama isolates showing antimicrobial activity with respect to growth medium.
Number of isolates with antimicrobial activity

Indicator strain

TSA

MHM

MG

LB

HA

E. coli DH5

3

2

5

2

2

E. coli Ž39 (ESBL)

7

4

4

2

3

S. enterica s. typhi TL 747

3

1

6

0

0

K. pneumoniae ATCC® BAA -1705 (CPE)2

5

2

2

4

3

K. pneumoniae ATCC® BAA -1706

3

2

2

4

5

B. cereus

4

3

3

4

3

B. subtilis

8

17

8

10

16

L. monocytogenes

4

3

6

4

4

S. aureus (MRSA)3

11

11

9

10

10

8

14

10

10

10

S. pseudointermedius (MRSA)4

Legend: ESBL – extended spectrum beta-lactamase; CPE – carbapenem resistant enterobacterium;
3
MRSA – methicillin-resistant S. aureus; 4MRSP – methicillin-resistant S. pseudointermedius
1

2

white, yellow, grey or pink on the walls and sediments
of karst caves is common in many caves. Cave mats
can be observed in completely dark areas of the caves,
often concentrated in the proximity of underground
waters and sediments, but never in submerged areas.
Past studies have shown that the dominant bacterial
taxa in cave microbial mats corresponds to members
of Actinobacteria and Proteobacteria as reported in
other caves (Pašić et al., 2009; Northrup et al., 2011;
Porca et al., 2012; Brag & Bergmann, 2019). However,
since physicochemical conditions and nutrient
availability differ in caves worldwide and even within
a single cave, we were able to obtain culture collection
of taxonomically novel bacterial isolates (HerzogVelikonja et al., 2014).
We surveyed the antibiotic susceptibility of 69
culture collection isolates to 22 natural and synthetic
antibiotics. The levels of antibiotic resistance were
high, with majority of Gram-positive isolates being
resistant to one to seventeen antibiotics and Gramnegative isolates being resistant to four to eighteen
antibiotics. Certain amount of this resistance is
intrinsic: we observed no resistance to antibiotic
rifampin, which is used to treat infections with
acid-fast microorganisms, such as Mycobacterium
tuberculosis and Mycobacterium leprae. Likewise, high
levels of resistance to antibiotic metronidazole (88% in
Gram-positive and 90% in Gram-negative isolates) are
likely a consequence of metronidazole acting primarily
on anaerobic microorganisms indicating also low
abundance of anaerobes in cave microbial mats. Other
differences stem from different structure of Gramnegative cell wall and versatile resistance mechanisms
in this group of bacteria. We measured comparatively
less resistance to natural antibiotics than to synthetic
antibiotics. This was somewhat surprising, as
natural products are more likely to be present in
the environment. Besides, in a study on Lechuguilla
Cave, a pristine environment free from anthropogenic
influences, the opposite trend was observed (Bhullar
et al., 2012). All isolates were comparatively most
resistant to modified β-lactams (resistance levels
30-80%), particularly to cephalosporines of second
and third generation. Interestingly, low levels or
resistance (<10%) were found even for cefepime, a
recently introduced 4th generation cephalosporine. In

these terms, the results of our study are consistent
with previous studies which have noted high levels
of antibiotic resistance genes in cave environments
(Pawlowski et al., 2016; Lavoie, 2017; Belyagoubi et
al., 2018) and even in ancient cave microbes that had
no anthropogenic contact for the past four million
years (Bhullar et al., 2012).
Our culture collection contained isolates from genera
whose members are well-known human and animal
pathogens, often resistant to multiple antibiotics
which makes treatment and patient recovery difficult.
Examples are agents of nosocomial infections
Pseudomonas and Sphingomonas (Obritsch et al.,
2005; Göker et al., 2017), emerging pathogen Kocuria
(Purty et al., 2013), opportunistic pathogen Oerskovia
(Cruickshank et al., 1979) and honeybee pathogen
Paenibacillus (Grady et al., 2016). In these terms
we found establishing antibiotic resistance patterns
important, as growing body of evidence suggests
that non-pathogenic environmental organisms are a
reservoir of resistance genes that have the potential
to be transferred to pathogens (Riesenfeld et al., 2004;
Allen et al., 2010).
Pseudomonas aeruginosa is the most important
pathogen in the genus and displays resistance to a
variety of antibiotics, including aminoglycosides,
quinolones and β-lactams (Hancock & Speert,
2000). In our study, Pseudomonas members were
also resistant to macrolides erythromycin (83% of
Pseudomonas strains) and azithromycin (50% of
Pseudomonas strain). All members of Kocuria are
resistant to nitrofurantoin (Savini et al., 2010), which
is consistent with our results, while resistance to
other antibiotics varied among isolates. Similar to
pathogenic isolates, our Sphingomonas isolate was
resistant to 3rd generation cephalosporins cefotaxime
and cefpodoxime (Bayram et al., 2013).
Most isolates in our culture collection belong to
bacterial genera that are well known sources of
bioactive compounds. Apart from members of genus
Streptomyces, we obtained members of Lysobacter,
a known prolific producer of bioactive peptides (Xie
et al., 2012) and members of Kocuria, Arthrobacter
and Rhodococcus, producers of compounds with
antimicrobial, antifungal, and cytotoxic activities
against human cells (Elsayed, 2017; Singh et al., 2017).
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Previous studies on cave environments have noted
antibiotic production (Yücel & Yamaç, 2010; Bhullar
et al., 2012; Montano & Henderson., 2012; Tomova
et al., 2013, Pawlowski et al., 2016; Riquelme et al.,
2017) and resulted in a description of Xiakemycin A, a
novel pyranonaphthoquinone antibiotics produced by
a cave Streptomyces sp. (Jiang et al., 2015).
In this study almost half (46%) of tested isolates
inhibited the growth of at least one indicator strain.
The isolates were most active against multi-resistant
Bacillus and Staphylococcus species (inhibited by 25%
and 23% of tested isolates), Klebsiella pneumoniae,
and Listeria monocytogenes (inhibited by 10% of
tested isolates). These levels of inhibition were higher
than those observed in a study on actinomycetes
originating from a volcanic cave, where 26.5% of
isolates inhibited K. pneumoniae, 2.0% inhibited S.
aureus, and 1% inhibited ESBL E. coli (Cheeptham et
al., 2013). The results of these two studies combined
demonstrate the potential of cave microorganisms to
suppress the growth of multi-resistant pathogens.
In our study, the three most bioactive isolates
belonged to genera Bacillus, Pseudomonas, and
Streptomyces and inhibited seven to nine indicator
strains. Important levels of inhibition were also
observed with Lysobacter and Kocuria members,
which inhibited the growth of five indicator strains.
The exact nature and mechanisms of growthinhibiting compounds remains to be established in
further studies.
In conclusion, this study suggests a high possibility
of finding novel antimicrobial compounds in microbes
that inhabit underground environments, while
antimicrobial resistance patterns contribute to
knowledge on environmental resistances and their
presence in the environment.
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Abstract:

Keywords:

The Frasassi caves, located in the Sentino River Gorge in Ancona Province (Marche, Italy),
contains boxwork in a small zone in the inner part of the cave system where it is closely
associated with subaqueous corrosion produced by sulfuric acid speleogenesis. The boxwork
consists of barite that replaces calcite spar-filled veins and limestone porosity and projects
from the corroded cave walls. The replacement involved only the calcite that protrudes from
the rock surfaces, indicating that the process took place in the cave environment, and therefore
the boxwork is not simply a product of differential corrosion. I hypothesize that the boxwork
formed in nearly stagnant bodies of sulfidic water as a consequence of lateral recharge of
O2-rich bicarbonate water moving upward along the walls because of its lower density. The
acidity produced by the oxidation of H2S enhanced limestone corrosion and incision of rills
and channels, while also releasing sulfate ions that induced the precipitation of barite. This
sulfuric acid process was sufficiently slow to dissolve the micritic bedrock and replace spar
with barite, preserving the shape of the network of fissures and pores formerly filled by calcite.
boxwork, karst, sulfuric acid speleogenesis, barite, Frasassi caves
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INTRODUCTION

GENERAL CAVE SETTING

Boxwork is a solutional cave feature consisting of thin
veins that protrude from bedrock walls, speleothems
and clay deposits. Boxwork is typically composed of
calcite, but it can be made of many different minerals.
It primarily develops from differential erosion between
a network of resistant material and the surrounding
rock, but it can also be created through other
processes (Hill & Forti, 1997, and references therein).
The Frasassi boxwork was first reported by Galdenzi
(1990), who initially identified it as protruding sheets
of calcite based on morphology and a misleading field
test with HCl.
This research analyzes the distribution and
characteristics of boxwork along with related
morphologies and mineral deposits and provides a
first tentative hypothesis on their development. For
each studied feature, the elevation was determined
with a hydraulic digital level, connected to a preexisting tachometric traverse, and standardized
with respect to a height zero reference located in
the main spring at the cave entrance. Mineralogical
and isotopic analyses were conducted on the most
significant samples. Analytical methods are described
in the Supplementary file.

The Frasassi cave system (43°24'N, 12°57"E) is
located in the Sentino River gorge in Ancona Province,
Marche, Italy (Fig. 1), and is one of the most studied
hypogene caves in Italy (Galdenzi & Jones, 2017, with
references therein). Sulfuric acid speleogenesis is still
active in the lower sulfidic passages.
The Frasassi caves consist mainly of sub-horizontal
passages that are organized into superimposed,
interconnected levels related to deepening of the river
valley. The lower levels develop close to the local base
level, and include two main levels at ~225 and 250 m
asl. Dissolution occurred in the shallow phreatic zone
due to the oxidation of sulfide (Galdenzi, 1990). Patchy
replacement gypsum as well as corrosion pockets
from subsequent gypsum removal demonstrate the
contribution of H2S oxidation to subaerial corrosion
above the paleo water table (Galdenzi, 1990; Galdenzi
& Maruoka, 2003).
The hydrology and chemistry of the cave water are
well known (Galdenzi et al., 2008). Groundwater in
the shallow phreatic zone is a mixture of meteoric
bicarbonate water and rising mineralized water. In
many stagnant pools, groundwater stratification
is common. The surface layer can vary from purely
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Fig. 1. A) Plan of the cave system, with location of the boxwork area (BX); s: sulfidic spring; e: cave entrance. B) Profile of the Budellone Basso di
Sala della Neve, projected on the main trend of the passage (drawn based on the survey of E. Sbaffi & G.G. Recanati).

bicarbonate to intermediate between seepage and
mineralized water, typically with some dissolved O2
and without measurable H2S. The thickness of these
surface layers ranges from a few cm to 5 m (Galdenzi
et al., 2008). The sulfidic groundwater is cold (about
13°C), and salinity (mainly sodium and chloride)
approaches 2 gL–1. The water also contains up to
20 mgL–1 sulfide, up to 220 mgL–1 sulfate and minor
ions such as Ba2+, Sr2+, Li+, and F-, which are almost
absent in the infiltration water. Dissolved salts
likely originate in the underlying Triassic evaporitic
formation (Anidridi di Burano), composed by
alternation of dolostone, anhydrite and minor halite
and known in the area only from deep wells (Anelli
et al., 1994). The presence of barium in the sulfidic
water was initially reported by Bertolani et al. (1977).
Concentrations range from 0.11 to 0.19 mgL -1 in
samples collected in a variety of locations (Macalady,
personal communication). Based on the measured
ion concentration, the sulfidic water is oversaturated
with barium sulfate. Oversaturation of barium sulfate
is common in sulfidic groundwater in Central Italy
(Baldi et al., 1973), with barium sourced by underlying
Triassic evaporitic strata. In certain locations, rising
sulfidic water produced economic barite-celestite
deposits (Barbieri & Masi, 1978).

THE BOXWORK ZONE
The studied boxwork is located in the Budellone
Basso di Sala della Neve, a passage remote from the
Sentino River in the southwestern sector of the cave
(Fig. 1A). The Budellone is the main feeder to a large
horizontal passage at 225 m asl, 26 m above the
emergence of sulfidic water. Below the steeply inclined
entrance the Budellone is a system of small, inclined
or sub-horizontal, commonly anastomosing tubes.
These passages have an irregular profile with many
loops, and original phreatic features are excellently
preserved (Fig. 1B). Deposits of subaerial replacement
gypsum are lacking, with only a few remains found
at the top of the entrance ramp. Aluminosilicate-rich
clay deposits, which are widespread in the rest of the
cave, are absent in this zone. Dripstone and vadose
speleothems are also rare, in contrast to the rest of
the cave, as this zone underlies a marly unit and
receives little percolating water. Inside the Budellone,
the water table can be reached in many places at 2.5
m above the spring, generally at the bottom of steeply

dipping passages. A layer of oxygen-rich bicarbonate
water floats above the sulfidic water, with a thickness
that can range from a few to tens of centimetres. This
thin bicarbonate layer prevents the release of H2S into
the cave atmosphere.
Widespread boxwork highlights the well-developed
network of veins and pores filled by spar in the
limestone (Fig. 2A, B). The boxwork generally protrudes
several centimeters from the walls, exceeding 10 cm in
a few places. It is composed of barite that replaced the
original calcite spar. Cross sections of rock samples
verified that only the portion of the veins that protrudes
from the wall surface is replaced by barite, leaving
the veins in the bedrock unaltered. The boxwork is
commonly covered by a thin carbonate coating and
generally has a reddish or brownish colour.
The boxwork zone is characterized by many different
types of corrosional rills and channels that formed
on the walls and ceilings by ascending fluids, likely
water, that moved upward due to their lower density.
Most of the rills are a few millimeters wide and
deep and extend for several decimeters. They begin
either from half-cupolas or directly from injection
points on the cave walls (Fig. 2C, D). Larger channels
emerge from minor passages or niches in the walls.
These channels can be over 10 centimeters wide and
several centimeters deep. Their sections are generally
rectangular, with clean, flat upper surfaces and
steep, sub-vertical walls (Fig. 2E). Some of these wall
channels reach the passage ceiling where they become
inclined roof channels.
Incision of the rills and wall channels coincided with
boxwork growth, as demonstrated by the presence of
boxwork inside the niches and in some channels. On
the ceilings, small flat cupolas likely represent former
air bells that were rich in acidic gases (H2S and CO2)
capable of contributing to the dissolution.
In most passages, the floor is covered by a thin layer
of whitish mud that is weakly cohesive, is 94.5–97.5%
carbonate composition and is commonly cracked by
shrinkage structures. Detached boxwork lies on the
whitish mud on the floor, indicating that the mud was
deposited before the boxwork collapsed. White calcite
rafts are abundant in places, hence the name of the
cave passage (‘neve’ is Italian for snow). Rafts form
small masses on the floor and walls and can overlie
the boxwork.
Boxwork formed up to 15 m above the spring level,
but an upper limit of distribution on the cave walls
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Fig. 2. A) General view of a cave wall covered by boxwork; B) Detail of boxwork; C) Ascending corrosion
rills from a half-cupola; D) Details of rills from injection points; E) Co-existence of boxwork and an
ascending channel rising from a tributary passage.

cannot be clearly defined. Below this height, wall
features record changes that occurred during or after
boxwork formation. The walls may be bare at different
heights due to the destruction or detachment of the
boxwork, and corrosional notches may mark previous
chemoclines between different bodies of water.
Subaqueous calcitic coatings are common at various
heights and encrust the boxwork (Fig. 3A). These
depositional events must have co-existed or alternated
with corrosion by ascending fluids, as corrosion rills
commonly incise calcite coatings on boxwork (Fig.
3B, C). The vertical distribution of these horizontal

paleolevels is strongly influenced by local conditions,
and in most examples, they do not extend into nearby
passages.

GEOCHEMISTRY
Carbonates
The isotopic composition of the inorganic carbon
in the cave water was monitored from 2008-2010
(unpublished data). The average δ13C value was
-10.5‰ for the seepage water, -8.9‰ for the sulfidic
groundwater, and -8.6‰ for the less diluted sulfidic
water rising from the aquifer’s deep zones.
The δ13C of bicarbonate water at the surface of
stratified lakes varied from -7.8‰ to -5.6‰.
Detailed measurements from a stalagmite
revealed that the δ13C values ranged between
-10 and -5‰ during the last 13 ka (Tuccimei
et al., 2003). A similar range of δ13C values
was obtained from scattered samples of
dripstones. In the limestone bedrock, the
δ13C values were about +2‰. All the samples
from the boxwork study area had high δ13C
values, compared to cave water and calcite
speleothems (Table 1). The whitish carbonate
mud on the floor and the limestone bedrock
had similar δ13C values. The δ13C values of
calcite rafts and crystals on the floors and
walls ranged between -1.4 and -4.8‰.

Fig. 3. Co-existence of depositional and corrosional features. A) Coating of subaqueous
calcite crystals over the boxwork; B) Ascending channels carved in bedrock and calcite
coating; note the hole in the rock created by the channel; C) Detail of the calcite coating
corroded by a rill from an injection point. (Photos by A. Gianangeli).

Sulfur
The δ34S measured in barite samples ranged
between +15.3 and +17.3‰ (Table 1). These
values can be compared to those of the sulfur
species dissolved in the sulfidic groundwater
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(Galdenzi & Maruoka, 2003; unpublished data of
2008–2010 monitoring). In the water, the δ34S varied
between -18 and -13‰ for dissolved sulfide and
between +19 and +22‰ for dissolved sulfate. Sulfate
δ34S values decreased up to +13‰ during periods of
high freshwater dilution.
Table 1. Isotopic composition of the cave samples. In brackets the
sampling sites of Fig. 1.
Calcite samples

δ13C
‰ PDB

δ18O
‰ SMOW

B03

limestone

-1.7

-4.6

B22 (5)

spar vein

0.9

-5.7

B24 (7)

spar vein

0.3

-5.2

F57 (5)

whitish mud

1.8

-3.3

F62 (3)

whitish mud

1.2

-4.4

F58 (5)

raft

-1.4

-7.1

F61 (6)

raft

-2.5

-7.7

B21 (5)

wall paleolevel

-3.9

-6.5

B23 (8)

crystals on boxwork

-2.9

-6.9

F60 (7)

crystals on boxwork

-4.8

-7.5

δ34S ‰ V-CDT

Barite samples
B40 (7)

boxwork

16.7

B48 (2)

boxwork

16.6

B59 (7)

boxwork

16.9

B62 (7)

boxwork

15.7

B25 (4)

boxwork

15.3

B39 (7)

boxwork

16.4

B53 (6)

dark boxwork

16.9

B54 (6)

reddish boxwork

15.9

F59 (8)

boxwork

16.6

F60 (8)

boxwork

17.3

B46 (1)

replacement gypsum

-16.9

B47 (1)

replacement gypsum

-17.4

Gypsum samples

These bodies of sulfidic water were stagnant or
had little movement, and water inflow from the walls
produced limestone corrosion and a diffuse incision
of ascending rills. The inflowing fluid likely was
vadose bicarbonate water, which would have moved
up the walls towards the groundwater surface due to
its lower density. Bicarbonate water is derived from
surface infiltration, and could have descended below
groundwater level because of the hydraulic head in
fissures inside the limestone.
The inflowing fluid generated the acidity responsible
for the observed bedrock corrosion (Fig. 4). The oxygen
carried from the surface by vadose water could have
promoted the oxidation of H2S to sulfuric acid, which
is considered to be the main cave-forming process in
the cave (Galdenzi, 1990), and is associated with the
release of bicarbonate ions derived from limestone
dissolution. The process was sufficiently slow to
result in the complete removal of micrite, while spar
was replaced by barite, setting into relief the network
of fissures and pores.
The inflow of oxygenated, bicarbonate water could
not directly produce barite precipitation. Barite is
poorly soluble, but vadose water has a low sulfate
content with only trace amounts of barium (Bertolani
et al., 1977). Furthermore, barite solubility is only
slightly affected by pH, Ca2+, Mg2+, and Sr2+ (ZhenWu et al., 2016), and therefore the acidity produced
by sulfide oxidation should not influence barite
precipitation. Barite precipitation might have been
induced by the release of sulfate ions in the oxidation
process, which produced a local increase in the SO42concentration sufficient to precipitate barite. However,
it is important to note that sulfate derived from H2S
oxidation was not directly involved in the replacement
process. Barite δ34S values (+15.3 to +17.3‰) are
dramatically different from the negative values of

DISCUSSION
Frasassi boxwork is distinct from boxwork found
in other caves because it is not a simple product
of differential corrosion between veins and the
surrounding rock. It is the result of a specific cave
process that coupled micrite corrosion and the
replacement of calcite spar by barite. The barite
replacement only affects the protruding parts of
the calcite veins, and does not penetrate into the
limestone, where the veins maintain their original
composition.
Barite replacement boxwork occurs in a phreatic
zone that fed a wide water table passage of the cave
tier at +26 m (Fig. 1B). It is a rare phenomenon in the
cave system due to local conditions that did not occur
anywhere else. Barite-replaced boxwork developed
under subaqueous conditions when the passages
had almost reached their final shape, in locations
that probably were cut off from the cave atmosphere
(Fig. 1B). These passages were still filled by sulfidic
water, which was the source of barium and sulfate
ions implicated in the replacement process (Fig. 4).

Fig. 4. Schematic model of the replacement process in sulfidic
groundwater. Note that the δ34S values of barite are less high than the
present δ34S of water sulfate, suggesting a contribution of sulfate ions
produced by H2S oxidation.
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dissolved sulfide (-18 to -13‰) and are close to the
present δ34S of dissolved sulfate, which normally
ranges between +19 and +22‰. On the contrary the
δ34S barite values are compatible with an increase in
dissolved sulfate due to H2S oxidation.
After the main phase of boxwork growth, the water
table progressively fell, until the whole zone was
exposed to the cave atmosphere. This process was
not continuous, because the groundwater level is
dependent on erosion or sedimentation processes in
the Sentino River valley. Changes in the elevation
of the water table would have produced significant
changes in the groundwater drainage in each passage.
The lowering of the water table facilitated gas
exchange with the cave air, and the resulting CO2
degassing favored carbonate oversaturation in the
groundwater. During this period, the boxwork was
coated with subaqueous calcite, as indicated by
crystalline coatings and overlying rafts. The carbon
in these carbonate deposits has higher δ13C values
than present cave waters, both sulphidic and vadose.
It has values consistent with carbonate derived
from limestone bedrock dissolution rather than
atmospheric CO2 or decaying organic matter.
In the boxwork zone, the coexistence of corrosional
rills and channels with calcite coatings and the
evidence of crystal re-corrosion due to ascending
water demonstrate that lateral freshwater recharge
responsible for the corrosion was occurring.
Alternating calcite corrosion and precipitation in the
same passage was probably caused by changes in
the elevation of the chemocline, amount of recharge,
and also by variation of degassing towards the cave
atmosphere. These processes resulted in boxwork
that is well preserved over large areas, some coated
with calcite and some not, at various elevations within
the cave passages.
Close relationships between boxwork, corrosion rills
and channels, and the process of calcite deposition/
corrosion in the same body of water highlight the
complexity of the chemical processes involved in
speleogenesis in the shallow phreatic zone at Frasassi.
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METHODS
Analytical methods
Xray diffraction
Xray diffraction of the boxwork samples was
performed using a Rigaku Miniflex 200sc101 powder
X-ray diffractometer, CuKα radiation, kV = 30, Ma =
15 at Hartwick College, Oneonta, New York, U.S.A.
Carbon-13 and Oxygen-18 analysis
of carbonate samples
The carbonate samples were analyzed in duplicate
by Iso-Analytical Limited (United Kingdom). The
average value is reported in delta notation. Two
milligrams of fine dry powder of each sample was
placed in clean glass septum capped vials. The vials
were then sealed and their headspaces flushed with
pure helium (99.995%). After flushing, ~0.5 mL of
pure phosphoric acid, prepared according to Coplen
et al. (1983), was injected into the vials and mixed
with the sample powder. The samples were left to
react for a period of not less than 36 hours to ensure
complete conversion of carbonate to carbon dioxide for
analysis. Standard reference materials were prepared
in the same manner as the samples.
The CO2 gas was then analyzed by continuous flow
isotope ratio mass spectrometry. The CO2 is flushed
from the septum vial using a double holed needle and
resolved on a packed column gas chromatograph. The
carbon dioxide then enters the ion source of a Europa
Scientific 20-20 IRMS and is ionized and accelerated.
Here, gas species of different mass are separated in a
magnetic field then simultaneously measured using
a Faraday cup collector array at m/z 44, 45, and 46.
The reference material used for this analysis was
the laboratory’s calcium carbonate standard IA-R022
(δ13CV-PDB -28.63‰ and δ18OV-PDB -22.69‰), which
is traceable to NBS-19 Limestone (δ13CV-PDB +1.95‰
and δ18OV-PDB -2.2‰). During analysis, NBS-18 calcite
(δ 13CV-PDB -5.00‰ and δ 18OV-PDB -23.00‰), NBS-

19 limestone and IA-R022 were analyzed as check
samples.
Sulphur-34 analysis of sulfate samples
Sulfur isotopic compositions in cave samples were
determined by a helium gas continuous flow isotope
ratio mass spectrometer (CF-IR-MS; ISOPRIMEEA; Isoprime Ltd., UK) at the University of Tsukuba
(Ikehata and Maruoka, 2016). The sulfur isotopic
compositions are expressed in terms of δ34S (‰)
relative to the V-CDT (Vienna-Canyon-Diablo-Troilite)
standard. The results of three IAEA (International
Atomic Energy Agency) silver sulfide standards
(IAEA-S-1, -0.3‰; IAEA-S-2, +21.80‰; IAEA-S-3,
-31.95‰; Mayer and Krouse, 2004) were compared to
constrain the δ34S values. The isotopic compositions
of sulfur were determined to a precision of ±0.1‰
(1σ), the precision being reached by combining the
standard deviations for repeated analyses of samples
and standards (Maruoka et al., 2003).
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Marcian (Matty) D. Bleahu, an influential earth
scientist, researcher, public servant, and longtime
advocate for open science who had a profound
effect in shaping Romanian geology, especially karst
science, died on July 30, 2019. He was 95 years
old and left an exemplary and productive legacy of
scientific achievements in fields such as geology,
karstology, geography, and ecology. He was an avid
conservationist, outdoorsman, photographer, and
critical observer of the natural world. Moreover,
he worked tirelessly, both in academic/research
organizations and public environs, to ensure that the
results of his extremely broad field of studies were
communicated and had the widest possible impact.
Dr. Bleahu earned two college degrees (Natural
Sciences and Geography) from the University of
Bucharest in 1949. Between 1949 and 1961 he
taught Structural Geology and Quaternary Geology at
his Alma Matter, while also working for the Geological
Institute of Romania (GIR), overseeing the geological
studies of two ambitious projects: the Danube-Black
Sea Channel and the Bucharest Subway. Nevertheless,
his main accomplishments in the GIR, where he was
Director from 1970 to 1974 and a field geologist until
his retirement in 1994, were in the area of geological
mapping. Throughout his entire career, he was part of
teams that produced over 50 sheets of the geological
map of Romania on a scale of 1:200.000 and 1:50.000,
mainly in the Apuseni Mountains. He became
an expert in Mesozoic and Paleozoic sedimentary
formations, most of them limestones, so naturally, he
joined the researchers of the “Emil Racoviţă” Institute
of Speleology in Cluj and conducted months-long field
campaigns during which several large cave systems
were discovered and/or mapped (e.g., Barsa, Neagră,
Coiba Mare, and Vârtop).
In 1974, Bleahu received his doctoral degree
from the “Babes-Bolyai” University in Cluj, with a
dissertation on karst and cave morphology. In the
same year, he published a benchmark monograph,
Karst morphology, that not only included the results
of his doctoral studies, but also a thorough worldwide
review of the most important karst- and cave-related
research. Due to the political climate, the book was
published in Romanian, and it thus had less of an
impact in the international karst community. Two
*bonac@usf.edu

years later, Bleahu, along with a group of cave
researchers from the “Emil Racoviţă” Institute of
Speleology, published Caves of Romania, another
important book, that describes 374 caves and shafts.
The scientific papers and the books Dr. Bleahu
published contributed greatly to the advancement
of geology and karst science in Romania. He was a
pioneer in disseminating scientific writing for the
general public. Books like The beauty of karst regions,
Karst morphology, The conquerors of the darkness,
Karst landscape, The Man and the Cave, Global
tectonics, and Beyond the landscape inspired many
generations of students and cavers to pursue a career
in geology or speleology.
He was co-founder of the Ecological University
(1990), the first private academic institution of the new
Romania, where he taught Dynamic Geology, Geology
of Romania, Nature Protection, and various other
subjects. After retiring from teaching in 2001, Dr.
Bleahu continued his long-time interest in speleology
and ecology, publishing several other books.
Dr. Bleahu served two terms as a Senator in the
Romanian Parliament and became the Minister of

Marcian D. Bleahu in 1992 (M. Bleahu photo archive).
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the Environment, the position from which he was
appointed as vice-president of the 1992 United Nations
Conference for the Environment and Development
in Rio. Throughout his lifetime, Dr. Bleahu was the
recipient of 10 awards and decorations, including
the 2009 “Star of Romania” as Knight and the 2011
award of the “Percival Allen” Medal of the Association
of European Geological Societies. One honor that was
especially important to him, although received late in
life, was his 2018 election as Member of Honor of the
Romanian Academy.
Matty was a scientist who was filled with humanity
and passionate about art and music. We were all
very sad to learn of his passing, and we will certainly
treasure the memory of our many field campaigns
and conversations for years to come.
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by Marcian D. Bleahu
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J. Michael Queen (1948 – 2019): A Memorial
Arthur N. Palmer
Department of Earth Sciences, State University of New York, 108 Ravine Pkwy, Oneonta, NY 13820, USA

Dr. James Michael Queen of Carlsbad, New Mexico,
passed away on August 20, 2019, from pancreatic
cancer, at his family’s home in Oak Hill, New York.
He devoted most of his life to the innermost processes
of speleogenesis. His other interests ranged widely,
starting from a foundation in geology and paleontology
and branching in many directions through the fine
arts and humanities.
On the day of his death, he dictated these last
few words to his family: Dear Friends, if you are
reading this it means that the time on my ticket
has expired and I have shuffled on. I don’t know
about the when or how of the return trip. As a
bat perhaps, or a cephalopod? Or a new biothem
[a speleothem built around organic filaments]? Watch
for me soon! A close friend, Ron Kerbo (retired Cave
Specialist at Carlsbad Caverns National Park), wrote
a eulogy that concluded with: He showed us that
to be rich is to never stop wondering…. Ron and
I collaborated on a remembrance of Michael for the
November 2019 NSS News (National Speleological
Society, USA). Here I focus on some of his more
important work in the field.
Born in California in 1948, Michael grew up in
New York State and obtained B.A., M.A., and Ph.D.
degrees at the State University of New York at Stony
Brook, with concentrations in biology and geology.
Employment never ranked high among his priorities.
He held many part-time jobs throughout the USA,
mainly in college teaching and petroleum geology,
which gave him the flexibility to pursue geology at his
own pace.
In 1971 he interrupted his university studies to work
for Shell Oil Company, near the cavernous Guadalupe
Mountains of New Mexico. On his first caving trips
there, he noticed that much of the limestone in the cave
walls had been replaced by gypsum, which preserved
the textures of the original limestone. This idea
launched him on a 40-year study of Guadalupe caves,
particularly Carlsbad Cavern. His first interpretation
of the interaction between limestone and gypsum was
presented at the 1973 NSS Convention and won an
award for best scientific paper by a young student.
At roughly the same time, the concept of speleogenesis
by sulfuric acid was proposed by Stephen Egemeier,
also a graduate of State University of New York (New
Paltz), from observations in the still-active Kane Caves
*arthur.palmer@oneonta.edu

of Wyoming for his PhD studies at Stanford University.
His work was published in 1981 and helped to steer
Guadalupe researchers in the same direction. Michael
and one or two fellow researchers (e.g., Donald Davis
of Colorado) also considered sulfuric acid to be a factor
in late-stage modification of the Guadalupe caves; but
further observations convinced him that, in fact, most
of the cave enlargement was the work of sulfuric acid.
Michael wrote few technical papers, but they
described speleogenetic processes with unusual
clarity. His interpretations tend to follow paths
independent from other researchers. For example,
he stressed the importance of cave enlargement by
sulfuric acid above the water table long before the
concept became well accepted. He was not the first to
conceive of some of these concepts, but he expanded
on them independently and helped to explain them to
others.
A prominent feature in Carlsbad Cavern is a spongelike zone of bedrock called the Boneyard, which
was long considered an iconic example of phreatic
dissolution. On the basis of morphology, air patterns,

Fig. 1. Michael Queen working in the field, Bermuda 1974.
Photo by Art Palmer.
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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and relation to other cave features, Michael claimed
that this and similar dissolution features were instead
vadose in origin. Specifically, they were formed by
sulfide-rich water rising from depth and releasing
H2S into the cave air. The H2S is absorbed by thin
moisture films on the cave walls, where it is readily
oxidized to sulfuric acid, the main driver of local cave
enlargement. One corollary is that the air movement
needs to be cyclic, passing from, and to, other parts of
the cave. In fact, the Boneyard was found not to be a
local feature, but instead a connection between the Big
Room level and lower cave levels. This idea came from
Michael’s standard procedure of following trails of air
movement, using diagnostic clues, such as distinct
levels of dissolution and flared “ears” of corroded
bedrock. The validity of this process has recently
been documented experimentally elsewhere. Michael
warned that caves that are still rapidly enlarging by
these processes can be dangerous to one’s health
upon lengthy exposure without protective gas masks.
He accepted that H2S oxidation could also play a
role in phreatic speleogenesis, but only in a minor
way because of the limited availability of dissolved
oxygen and the fact that highly acidic water cannot
be sustained in a carbonate aquifer. In the mid-1970s
Michael also promoted the concept of speleothems
produced by microbial activity (later named “biothems”
by biospeleologists ). This topic has flourished in
recent decades.
Michael had an unusually clear memory for small
geologic details in the caves he studied. Very few are
shown on cave maps, but when asked for directions
to any of them, he could usually sketch from memory
their exact location and how to traverse the area
without causing damage. His sketches started as
crude lines that seemed to have little relation to each
other, but which grew together like ice crystals on a
pond, revealing ever-clearer details, and always in
correct proportion, as in a jigsaw puzzle.
Most of Michael’s publications were short
summaries in conference proceedings, which did not
draw the attention they deserved. His interpretation
of Guadalupe speleogenesis was summarized in the
proceedings of the 1994 Karst Waters Institute meeting
in Colorado Springs, Colorado; the 2006 meeting of
the New Mexico Geological Society in Carlsbad; and
the 2009 International Congress of Speleology in
Kerrville, Texas. He was reluctant to publish in highprofile journals with widespread readership, because
he was still learning and exploring.
What was it like to go caving with Michael? He was
a skilled and careful climber, with a gentle touch, and
very protective of cave features. He wore any kind of
clothes that were handy – tennis shoes, etc. – as long
as they were clean and not abrasive. He became close
friends with many Guadalupe cavers, particularly Ron
Kerbo at Carlsbad Caverns. Their most memorable
feats were climbs far above the cave floor. Along the
main tour route they saw holes high above them lined
with evaporative speleothems, which suggested strong
air flow. They used helium-filled balloons to lift loops
of parachute cord, maneuvered them over projections
near the ceiling, and then pulled up a climbing rope.

Fig. 2. Michael Queen at a photo lecture in Carlsbad, NM, 2011.
Photo by Gosia Allison-Kosior.

Their greatest success was in the highest ceiling in
Carlsbad’s Big Room, nearly 80 m above the floor,
which led to a major upper chamber. The rope is still
in place along the main tour route, and although
inaccessible, it is considered an attraction by visitors.
Meanwhile Michael became the founding member of
a group of photographers that concentrated on largeformat prints of caves and karst, which they called
“Karst Features” (www.karstfeatures.com). He also
wrote two geologic guides to the tours in Carlsbad
Cavern that illustrate the many details that can be
seen on a leisurely trip. The latest is listed below
(Queen and Hose, 2006). His other publications were
mainly short summaries in conference proceedings
and guidebooks, which did not gain the attention they
deserved.
A couple of decades ago Michael acquired an old
house at the foot of the Guadalupe Mountains in
Carlsbad, New Mexico – “the Hacienda” – which
he used for storing his antiques and art treasures,
and as a home for entertaining friends and visiting
geologists. He was a welcoming host and superb cook.
His health began to decline rapidly in the past few
years, but he continued to help with caving and karst
events. He made his last public appearance at the
June 2019 National Speleological Society Convention
in Tennessee. A gathering of friends was held on
November 8 to cheer his final journey, as ashes, down
a remote canyon in the Guadalupe Mountains. We
regret his death but treasure his memory and the life
he shared with us.
Significant recent publications
by J. Michael Queen:
Few of Michael’s publications are easily available,
but some can be accessed through repositories on the
Web, e.g., Karst Information Portal. A few of his recent
and most accessible papers are listed below.
Queen J.M., 1994a - Influence of thermal atmospheric
convection on the nature and distribution of microbiota
in cave environments. In: Sasowsky I. & Palmer M.V.
(Eds.), Breakthroughs in Karst Geomicrobiology and
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Redox Geochemistry. Karst Waters Institute, Charles
Town, VA, Special Publication, 1 (1): 62-63.
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M.V. (Eds.), Breakthroughs in Karst Geomicrobiology
and Redox Geochemistry. Karst Waters Institute,
Charles Town, VA, Special Publication, 1 (1): 64-65.
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Field Conference, Socorro, p. 151-160.
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In: White W.B. (Ed.), Proceedings of 15 International
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Book Review
Johannes Mattes

Wissenskulturen des Subterranen. Vermittler im Spannungsfeld zwischen
Wissenschaft und Öffentlichkeit. Ein biographisches Lexikon. [The culture
of subterranean knowledge. Mediators in the field of tension between science
and public. A biographical lexicon]
2019, Böhlau Verlag, Wien, Köln, Weimar, 572 p., ISBN 978-3-205-20678-1
Hardcover, € 60; eBook (pdf) € 49.99
The lexicon, written in German, begins with a brief but comprehensive introduction
of 23 pages, and is followed by more than 500 pages with the biographies of 271 people
who were active in the field of karst and caves in Austria and the Austro-Hungarian
Empire, especially Slovenia, the Moravsky Kras (Czech Republic) and the Slovenský
Kras (Slovakia). They lived in the period from the 16th century until recently. Their
backgrounds differ in nationality, formal education, profession, scientific discipline
and social group showing the diversity of the Danube Monarchy. The low number of
women (14) results from the poor data situation for female cavers. The scientists and
cavers described were mediators (go-betweens) connecting science and practice, social
and ethnic groups and science and public.
Some of them, like Rosa Hofmann (1919-1943), had been lost from the collective
memory, whereas others (e.g., F. Simony) are well known.
The introduction is written in scientific language, thus it is not always easy to
read for amateurs, even if they are German speakers. The rest of the book is easy to
understand and interesting to read not only for scientists. The introduction reflects on
the history of speleology, the meaning and influence of cavers and caving to their age
and vice versa, referring to philosophy and even psychology. Moreover, the introduction
explains the bibliographic methods used and gives some general explanations
(e.g., abbreviations).
The biographies were researched carefully with the help of caving clubs, cavers,
scientists, and of course by means of literature, archives, and registers. Several loops
of questions to informants were part of the process of writing the lexicon. The selection
of the cavers described in the lexicon was published in relevant journals and the
feedback was considered. The biographies are written in a very factual way, respecting
the achievements of the cavers and scientists, describing their contribution to caving
and speleology. Also, some uncomfortable facts come out all the more clearly, and
the entanglement of people in history becomes explicit. Political and historical
circumstances had impact on the cavers biographies, the development of caving clubs,
and the research itself.
The author, Johannes Mattes, is himself a go-between a historian, working at the
Austrian Academy of Sciences and an active caver.

Monika Schöner

